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Breast cancer is the most common malignant cancer form in women and an estimated 
318,000 new cases of breast cancer will be diagnosed in 2017. Metastasis accounts 
for 90% of cancer related deaths and the lymphatics serve as the primary route for 
the metastatic spread of breast cancer cells (BCCs). The dynamics by which BCCs 
travel in the lymphatics to distant sites, and eventually establish metastatic tumours, 
remain poorly understood. It has been shown that the microenvironment surrounding 
cancer cells plays an important role in determining their behaviour. Therefore, 
characterising the fluidic forces that BCCs are exposed to while travelling in the 
lymphatics could potentially reveal mechanisms that regulate BCC metastasis. The 
goal of this work was to develop a model capable of predicting the surface forces 
BCCs experience in the lymphatics by modelling their behaviour using numerical 
and experimental techniques.  
 
A microfluidic test facility was developed in which two types of BCCs, metastatic 
MDA-MB-231 cells and non-metastatic MCF-7 cells, were subjected to lymphatic 
flow rates (Re < 1) in a 100x100µm channel and their response to the flow, in terms 
of velocity and spatial distribution, was analysed. The behaviour of the BCCs (η = 
dp/W = 0.03-0.81, where dp is the particle diameter and W is the channel width) was 
compared to rigid particles of similar size (η = 0.05-0.32) to determine whether 
differences in the BCCs morphological properties lead to different transport 
mechanisms and ultimately different surface forces. A distinct difference between the 
behaviour of BCCs and particles was recorded. Parabolic velocity profiles were 
recorded for all particle sizes. All particles were found to lag the fluid velocity, the 
larger the particle the slower its velocity relative to the local flow (5-15% velocity 
lag recorded). The BCCs travelled ~40% slower than the undisturbed flow, 
indicating that morphology and size affects their response to lymphatic flow 
conditions. BCCs adhered together, forming aggregates (η = 0.3±0.07 and 0.35±0.05 
for the MCF-7 and MDA-MB-231 cells respectively) whose behaviour was irregular. 
Single MCF-7 cells (η = 0.14±0.04) were distributed uniformly across the channel in 
comparison to single MDA-MB-231 cells (η = 0.18±0.04) which travelled in the 
central region (88% of BCCs found within 0.35W≤ y ≤0.64W), indicating that 
metastatic BCCs may be subjected to a lower range of flow induced surface forces.  
 
Numerical modelling techniques, using the Dynamic Fluid Body Interaction method, 
were employed to quantify the flow induced surface forces acting on BCCs in the 
lymphatics. An experimentally validated numerical model capable of predicting the 
advection of large particles (η = 0.1-0.4) in confined flow conditions, representative 
of lymphatic scales, was created. Both 2D and 3D simulations were carried out 
resulting in a total of 25 models. The simulations were in good agreement with the 
experiments (<12% difference) across the channel (0.2W≤ y ≤0.8W), with 
differences up to 25% in the near-wall region. The maximum shear stress 
experienced by the particles increased with increasing particle size and proximity to 
the wall. Particles experience a range of shear stresses (0.002-0.12Pa) and spatial 
shear gradients (maximum of 0.137Pa/μm) depending on their size and radial 
position. Literature indicates spatial shear stress gradients of 0.004Pa/μm are 
associated with BCC apoptosis. Knowledge of such values may provide indications 
for critical levels of surface forces that cause BCC membranes to react in a manner 
that can determine their metastatic potential. Gaining a better understanding of the 
complexities of the flow induced surface forces experienced by BCCs in lymphatic 
flows will improve prospects for developing effective breast cancer treatments. 
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1.1 Background  
Breast cancer currently affects one in nine Irish women (Breast Cancer Ireland, 2016), 
and is the second most common cancer worldwide, accounting for 10.9% of all cancer 
diagnoses . The lymph vessels serve as the primary route for the metastatic spread of 
cancer cells, particularly cancers of epithelial origin, such as breast cancer (Swartz, 
2001). Metastasis is the process by which cancer cells spread to distant locations in the 
body and form secondary tumours. Approximately 90% of cancer related deaths are due 
to metastasis (Chandrasekaran et al., 2014). Tumour metastasis to regional lymph nodes 
is a crucial step in the progression of cancer; consequently, research interest in the 
lymph system has increased significantly over the past two decades. However, it is not 
yet known why some cancer cells metastasise from the lymph nodes and others do not, 
therefore, a fundamental understanding of the response of cells to the forces in the 
lymphatics needs to be established. The dynamics by which breast cancer cells (BCCs) 
travel in the lymphatics to distant sites, and eventually establish metastatic foci, remain 
poorly understood.  
The lymph system is a complex vascular network that consists of lymphoid organs, 
lymph vessels and lymph nodes. It is a one-way system that plays a vital role in the 
body’s immune system as almost all tissues in the body have lymph vessels that drain 
excess fluid directly from the interstitial spaces and return it to the venous circulation 
via the lymphatic ducts. Immune cells, such as lymphocytes, travel via the lymph 
vessels, to regional lymph nodes where specific immune responses are initiated. These 
vessels, however, are also exploited by BCCs. The system is made up of five different 
types of vessels, each of which have different properties and functions; the initial 
lymphatics, collecting lymphatics, lymph nodes, lymph trunks and finally the two 
lymphatic ducts, illustrated in Figure 1- 1. The size of the lymph vessels vary from 
10µm to 2mm in diameter (Swartz, 2001). The collecting lymphatics contain smooth 
muscle and one-way valves to aid in the movement of lymph and to prevent retrograde 
flow. The segment of vessel located between two consecutive valves is called a  
 




Figure 1- 1:  Schematic of the main conduits of the lymphatic system. Lymph is formed in the initial 
lymphatics and transported through the collecting vessels and lymph nodes before exciting via the main 
lymphatic ducts, adapted from (Breslin, 2014). 
 
lymphangion and each lymphangion acts as a contractile compartment that propels 
lymph into the next compartment. Collecting lymphatics eventually lead to lymph nodes 
(1-10mm in diameter), which are capsular in shape and are found together, in their 
hundreds, in clusters throughout the body. When lymph enters the node, it flows around 
the lymphoid compartment and exits via the efferent lymphatics. Their main function is 
to act as a filter and reservoir for foreign particles and bacteria contained within the 
lymph.  
Datta et al. question whether lymph nodes can serve as incubators for the metastatic 
transformation of cancer, as cancer cells regularly form secondary tumours within 
lymph nodes (Datta et al., 2010). Lymph contains cells that are approximately 7-10μm 
and the diameter of BCCs varies from 10-40μm (Peng, 2011; Tanaka et al., 2012; Sun 
et al., 2013). The interaction of these cells on one another and the effect their presence 
has on the lymphatic flow environment has not been reported. To date, the mechanisms 
governing the advection of BCCs in this vascular system are largely unknown and the 
response of BCCs to the fluidic forces generated in the lymphatics has yet to be 
explored. This was the main motivation for the research work addressed in this thesis. 
The focus of this investigation was to characterise the flow behaviour of BCCs in 
confined flow conditions using both numerical and experimental approaches. The main 
goal was to determine if particular BCC characteristics, such as size or deformability, 
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affected their progression through conduits representative of scales found in the 
lymphatics, possibly influencing their metastatic potential. Cancer cells can change 
morphologically in response to local flow conditions; as a result, one of the main 
objectives of this research was to determine whether such cells migrate through the 
lymphatics due to morphological changes imposed by the flow environment. The ability 
of both metastatic and non-metastatic BCCs to navigate through microfluidic channels 
when subjected to lymphatic flow rates was investigated and compared to rigid particles 
as a reference case. The malignant behaviour of BCCs is regulated at the level of the 
tissue organisation, which is dependent on the extracellular matrix (ECM) and the 
microenvironment surrounding BCCs (Bissell and Radisky, 2001). It is worth noting 
that the biochemical signalling pathways of BCC metastasis are not addressed in this 
body of work. BCCs rely on the microenvironment surrounding them for cues on how 
to develop and behave; therefore, the focus of this study was to investigate the fluidic 
context and the surface forces BBC membranes experience in the lymphatics. Thus, the 
emphasis of this thesis is purely a microfluidic and mechanistic approach. 
The metabolic response of cells in vivo is associated with the shear stress magnitudes 
and spatial shear stress gradients they are exposed to. In order to determine these 
surface forces numerical modelling techniques must be employed. In the case of BCCs 
suspended in lymph, the fluid is not merely a continuum whose physical characteristics 
are parametrically determined. It is therefore crucial that the modelling of BCCs in 
lymph includes the interactions of those cellular components on the local flow field. In 
order to implement this, the usual continuum mechanics based methods are insufficient. 
Due to the large size of BCCs, in comparison to the vessels they travel in, multiphase 
modelling techniques must be employed to predict their behaviour. Multiphase flow 
describes the interaction of several phases of flow within the same system where 
distinct interfaces exist between the phases. The use of the Dynamic Fluid Body 
Interaction (DFBI) method, coupled with an overset mesh, to model large particles in 
confined flow was assessed in this investigation. Numerical simulation of BCC motion 
in response to the hydrodynamic forces imposed by the lymphatics may facilitate in 
obtaining the surface forces experienced by the cell membranes in this fluidic 
environment. To validate the use of this numerical technique in predicting the behaviour 
of large particles in confined flow the numerical predictions were compared to 
experimental data that was obtained from particle tracking experiments.  
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Over the past two decades the field of microfluidics has evolved rapidly and state of the 
art microfluidic technologies are now being employed to address challenges in cancer 
metastasis research. A microfluidic approach was employed in this investigation to 
elucidate the behaviour of BCCs within a microchannel, representative of the scales 
found in the lymphatics. The experimental results were compared to the numerical 
predictions with the aim of improving future experiments by providing more realistic 
data on the flow induced shear stress distributions experienced by BCCs in vivo. Using 
in vitro models allows precise control over experimental variables and in recent years, 
rectangular and square channels have become popular for studying biological flow 
phenomena (Kim and Lee, 2006; Lima et al., 2006; Choi et al., 2011). There is a 
considerable wealth of research that examines transport properties of biological 
cells/particles in microchannels. However, the majority of these studies examine very 
small particles (0.2-1μm) under typical inertial focusing flow rates and very limited data 
is available on the response of large particles (>10% of the channel width) to low 
Reynolds number (Rec < 1) flow such as that seen in the lymphatics (Wilson et al., 
2013). Inertial focusing of biological cells/particles in channels is dependent on 
properties such as size, shape and deformability. However, when the channel height 
approaches the same order of magnitude as the particles/cells, they are influenced by the 
channel walls and the assumption that they travel with the local fluid velocity is no 
longer valid. It has been shown that larger particles tend to lag the fluid velocity but the 
exact forces that these particles are subjected to are not yet fully understood (Staben et 
al., 2003).  
The fundamental challenge of this research is to establish the fluidic context BCCs are 
exposed to, to ascertain whether there are any potential environmental factors arising 
from lymph flow that affects their behaviour. Detailed measurements of lymph flow in 
both in vitro and in silico models are vital to better understand the biomechanics of this 
physiological system. The dynamics by which BCCs travel and the fluidic forces they 
are subjected to is unknown, thus, by capturing the flow behaviour of BCCs within this 
system the information obtained could be leveraged in future work to enable a better 
understanding of breast cancer metastasis in the lymphatics.  
1.2 Objectives 
The response of BCCs to the fluidic forces present in the lymphatic system is unknown. 
Consequently, the goal of this study was to determine the surface forces experienced by 
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BCC membranes when subjected to lymphatic flow conditions using both in vitro and in 
silico techniques. To carry out this task a number of research objectives were identified;  
1. To carry out an extensive literature review into published work on the flow 
environment in the lymphatic system and to investigate its role in BCC 
metastasis from a fluid mechanics perspective.  
2. To employ numerical modelling techniques to predict the advection of large 
particles/BCCs when subjected to lymphatic flow conditions in a representative 
lymphatic geometry. 
3. To experimentally validate the numerical models by designing a test facility in 
which the flow behaviour of BCCs can be analysed using microfluidic 
techniques, the purpose being to characterise the flow behaviour of metastatic 
and non-metastatic BCCs, in terms of their spatial distribution and velocity, in 
confined flow conditions representative of lymphatic conduits. 
4. To compare the behaviour of BCCs to rigid particles of similar size and 
investigate if there is a difference in their response to the flow field. 
Specifically, to determine whether differences in the BCCs morphological 
properties, i.e. cell deformability, lead to different transport mechanisms and 
ultimately different surface forces. 
5. To investigate the surface forces experienced by BCCs of different sizes, in 
terms of magnitude and spatial gradients, at various positions within the model.   
1.3 Thesis Outline 
This thesis is presented in the style of Thesis by Publication; therefore, referencing 
styles vary depending on the chapter. All chapters which are not submitted for 
publication are referenced using Harvard Referencing style. Table i outlines the chapters 
that have been submitted for publication and the corresponding journals and their 
impact factors as of 2015. 
 
Table i: Summary of chapters submitted for publication.  
Chapter Journal Status Impact Factor 
2 Lymphatic Research and Biology In press 1.758 
5 Biomicrofluidics Published 3.357 
6 Biomechanics and Modeling in Mechanobiology Under review 3.032 
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Chapter 2 addresses the 1
st
 objective of this thesis, it contains a comprehensive review 
of relevant published literature, with a focus on characterising the lymphatic flow 
environment using numerical and microfluidic techniques. The mechanisms behind 
particle transport in confined flow are then discussed in relation to BCC metastasis. 
Chapter 3 details the theory behind particle migration in microfluidic devices which is 
required for the analysis of the experimental results. The governing equations of fluid 
flow are provided, along with a description of the assumptions made in the numerical 
investigation. Details on the chosen numerical technique are also discussed in this 
chapter. Chapter 4 describes both the experimental and numerical methodologies 
employed in this study. The development of the experimental system is outlined, 
including information on the image processing techniques employed and BCC 
preparation procedures. The numerical modelling strategy utilised is presented along 
with information on the discretisation process and the grid independence study.  
Presented in Chapter 5 are the results obtained from an experimental investigation into 
the hydrodynamic transport properties of metastatic BCCs, non-metastatic BCCs and 
microparticles. Chapter 6 compares the numerical simulations to both an established 
analytical solution for fluid flow in a square channel and the experimental results to 
determine the feasibility of using the DFBI method to model large particles in confined 
flow. The results from 25 2D and 3D DFBI models are presented, which highlight the 
range of surfaces forces BCC membranes experience in a number of locations. Chapter 
7 contains a discussion of all results and the main conclusions arising from this study. 
Recommendations for future work in this area are also discussed.  
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Abstract 
Background: The lymphatic system is an extensive vascular network that serves as the 
primary route for the metastatic spread of breast cancer cells (BCCs). However, the 
dynamics by which BCCs (10-40µm) travel in the lymphatics (100-300µm) to distant 
sites, and eventually establish metastatic tumours, remain poorly understood. The 
lymphatic flow environment is extremely complex, and despite the number of studies 
carried out in recent years, an accurate description remains unclear. 
Methods and Results: Over the past two decades significant advancements have been 
made in characterising lymphatic flow, using numerical and experimental approaches, 
however, none of these studies address the dynamics of BCCs flowing in lymph. This 
review summarises the flow environment metastatic BCCs are exposed to in the 
lymphatics. Special attention is paid to the flow behaviour of cells/particles in micro-
devices in an attempt to elucidate the behaviour of BCCs under lymph flow conditions 
(Reynolds number <1). The advection of BCCs in micro-flows is governed by the 
hydrodynamic forces present in the flow.   
Conclusions: A scarcity of information exists with regards to BCC advection in the 
lymphatics and this review highlights important areas for future research. A 
fundamental understanding of the response of BCCs to the forces in the lymphatics 
needs to be established. More comprehensive theoretical and experimental techniques 
are needed to quantify the effect of the lymphatic hydrodynamic forces on the behaviour 
of BCCs, resulting in a more concrete basis for the numerical simulation of flow 
induced shear stresses experienced by BCC membranes.  
Chapter 2  Breast Cancer Cell Spread via Lymph Flow 
9 
 
2.1 Introduction  
The lymph system serves as the primary route for the metastatic spread of cancer cells, 
particularly cancers of epithelial origin, such as breast cancer.
1–5
 Tumour metastasis to 
regional lymph nodes is a crucial step in the progression of breast cancer and 
approximately 90% of cancer related deaths are due to metastasis.
6
 There is evidence 
that suggests some locations are more likely to form metastases than others and it may 
be possible that such region-specificity for cancer metastasis is related to the different 
flow/shear stress patterns cancer cells are subjected to while travelling in the lymph 
system.
7
 Very little is actually known about the effect metastasising cancer cells have on 
the lymphatic flow environment. In the past two decades significant advancements have 
been made in characterising lymphatic flow and function.
8–53
 Accurate measurement of 
the fluidic environment BCCs are exposed to in the lymphatics is important as the flow 
induced shear forces and the flow environment surrounding cancer cells can modulate 
their metastatic potential.
54
 Therefore, establishing the fluidic environment present in 
the lymphatics is vital to accurately characterise metastatic cell transport in this vascular 
system. 
Microfluidic systems are regularly used to sort, separate and analyse biological cells, 
providing a better approximation of the cellular environment compared to conventional 
cell culture techniques.
55
 Microfluidic devices can mimic the cellular and fluidic 
environment in vivo by precisely controlling system inputs such as; intercellular 
interactions, gradients of soluble factors, and application of mechanical forces
56,57
, 
making it possible to investigate the biological response of cells to various 
physiological stimuli on a micrometre scale. Typically the focus is on high through-put 
devices whereby the goal is to exploit microscale fluidics, using small quantities and 
high surface to volume ratios, to drastically reduce processing times over conventional 
laboratory based assays. Consequently, there is a considerable wealth of research that 
examines transport properties of particles and biological cells in microfluidic devices.
58–
70
 However, there is very limited data available on the behaviour of large particles/cells 
(>10% the channel width) under very low flow rates (Reynolds number (Rec) < 1) such 
as those seen in the lymphatics. The Reynolds number is defined as Rec = ρud/μ, where 
ρ is the fluid density, u is the fluid velocity, d is the characteristic dimension and μ is the 
fluid viscosity.  Lymph contains cells that are 7-10μm in diameter and breast cancer 
cells (BCCs) vary from 10-40μm.
67,68,71
 The dynamics by which BCCs travel in the 
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lymphatics to distant sites, and eventually establish metastatic tumours, remain poorly 
understood. However, the mechanical microenvironment surrounding cancer cells is 
known to play an important role in modulating their response and function.
7
 In addition 
to the mechanical environment, the immune environment is known to play a major role 
in regulating cancer metastasis, as studies have shown that cancer cells are guided into 
the lymphatics by chemokines produced by lymphatic endothelium.
72,73
 Originally the 
lymphatics were viewed as a transportation system which played a passive role in 
cancer metastasis, however, recent studies indicate that their role is far more 
complex.
72,74
 Interest in the use of microvascular networks has increased dramatically 
over the past decade due to the several advantages they provide with regards to their 3D 
nature and real time monitoring of the response of cells to stimulants such as drugs or 
hydrodynamic forces.
57
 The development of microfluidic models that can recapitulate 
the immune environment surrounding cancer cells is required to further our 
understanding of the responsiveness of certain cancer types to immunotherapy.
57
 
Accurate assessment of this environment will present a powerful tool for predicting 
patient treatment outcomes, by providing a means to characterise drug efficacy and 
responsiveness.   
This review summarises the recent advancements made in lymphatic system research, 
with special attention paid to modelling the lymphatic flow environment. A number of 
specific research modalities including analytical modelling, computational modelling, in 
situ studies, and in vitro studies are discussed. The fundamental mechanisms that 
govern particle advection (two-phase flow) in confined flows are then introduced before 
the transport of biological cells is examined. Finally, key areas for future research are 
highlighted, including the development of microfluidic models of BCC flow and the use 
multiphase numerical modelling techniques to characterise the flow induced surface 
forces experienced by BCC membranes. The dynamics of BCC transport via lymph is 
relatively unknown, defining the flow induced shear stresses and shear stress gradients 
BCC membranes experience within the lymphatics may provide insight into the BCCs 
biological response, which could be exploited in future cell culture models, potentially 
leading to improved knowledge on BCC advection in the lymphatic environment. 
2.2 Lymphatic Vessels in Cancer Metastasis 
Since the discovery of lymphatic-specific growth factors and markers, research in the 
lymph system has increased exponentially, with many investigating the role lymphatics 





 Traditionally, dissemination of cancer cells to organs distal to 
the primary tumour has been thought to be initiated only through tumour-associated 
blood vessels and not lymphatics. However, it is now well established that lymph 
vessels invade tumours in a fashion similar to blood vessels. The flow environment of 
the lymphatics provides a more attractive route for BCCs compared to the highly 
dynamic environment in the circulatory system.
80
 Studies have shown that circulating 
tumour cells (CTCs) can actively induce lymphatic metastasis and tumour associated 
lymphangiogenesis by secreting certain growth factors, which promote their spread to 
sentinel lymph nodes.
1,2,81
 Several reviews have summarised this biological aspect of 
metastasis,
4,5,82–92
 however, the main focus of this review is the lymphatic fluidic 
environment and how metastatic BCCs respond to the flow conditions from a 
mechanical/fluidic perspective. Research has shown that the interaction between cancer 
cells and their environment can enhance the cancer cells progression.
54,93
 
Haemodynamic shear stresses of up to 60 dynes/cm
2
 have been reported to increase 
cancer cell apoptosis in the circulatory system
94,95
, while to the authors knowledge, the 
effect of the shear stress levels found in the lymphatics on the biological response of 
BCCs has yet to be quantified. Thus, elucidating the effect the lymphatic flow field has 
on BCC behaviour is of necessary importance.  
The mechanisms of cancer cell intravasion into the lymphatics remain elusive.
74
 The 
passive role the lymphatics were originally assumed to play in cancer metastasis has 
recently been questioned as studies have shown that cancer cells are directed into the 
lymphatics by chemokines produced by the lymphatic endothelium.
72,74
 Tumour cells 
utilise interstitial flow to create autologous chemokine gradients and thus chemotact 
towards draining lymphatic vessels.
73
 The lymphatic endothelial cells (LECs) play an 
active role in cancer metastasis, and recently lymph node LECs were found to control 
cancer cell entry into lymph nodes.
79
  Lymph nodes act as holding reservoirs where 
BCCs take root and form metastatic tumours, illustrated in Figure 2 -1. Rogue BCCs 
have evolved ways of evading the immune surveillance mechanisms present in lymph 
nodes and thus are able to successfully colonise and proliferate. Approximately 8% of 
tumour cells that arrive in the nodes are successful in forming overt tumours.
96
 The 
exact mechanisms by which BCCs move preferentially towards particular lymph nodes 
remains poorly understood. Research has shown that the entry of cancer cells from the 
lymphatics into the lymph nodes consists of at least two stages, 1) cancer cell entry into 
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the sinus and 2) migration across the sinus floor into the lymph node cortex.
79
 It is not 
yet known whether other biological characteristics of breast cancers affect the risk of 
nodal involvement. There is huge potential for concentrating chemotherapeutics to 
particular lymph nodes, as opposed to the circulatory system, so as to avoid systemic 
dilution, and dose limiting side effects.
3
 It has been shown that lymphatics alter their 
function in response to various mechanical stimuli;
45
 therefore, it is essential that the 
impact of diseases on the mechanical environment be elucidated. The exact relationship 






Figure 2 - 1: Lymph vessel and lymph node anatomy. Tumour draining lymph vessels cause cancer cells 
to spread from the primary tumour site to distant locations in the body via the lymph nodes. Metastatic 
foci take up root in the lymph nodes forming secondary tumours. 
 
The interplay of several factors is required for BCCs to metastasise in the lymphatics, 
however, the information available on this topic is scarce at best and a large number of 
uncertainties remain. The biomechanical environment in the lymph system plays a key 
role in the progression of breast cancer; therefore, exposing the effect BCCs have on the 
flow field is of crucial importance. This review emphasizes the importance of future 
work focused on investigating BCC deformability and size effects in the lymphatics. 
One of the most important factors that determines the behaviour of cells is the surface 
forces the cell membranes are exposed to. Recently, a study concluded that the 
mechanical forces generated by fluid flow regulate cellular behaviour in terms of 
metastatic potential and proliferation.
98
 Therefore, establishing the flow induced surface 
forces BCC membranes are subjected to in the lymphatics is critical. Combining this 
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information with knowledge of the BCCs response to chemotactic signals
79
 will 
improve our understanding of the behaviour of BCCs in lymph flow.  
The response of BCCs to the physical microenvironment in the lymphatics may be 
exploitable for the treatment of breast cancer. Recapitulation of the key aspects of the 
environment, such as quantifying the flow induced surface forces BCC membranes are 
exposed to, may lead to improved cell culture experiments. Translation of these findings 
to biological characterisation experiments offers the potential to create more accurate 
tests beds for breast cancer metastasis studies. 
2.3 Modelling the Lymphatic System 
2.3.1 Analytical Modelling 
The lymphatic system represents a challenging system for modelling, which led to 
several groups utilising analytical methods as a first step towards characterising its 
behaviour. The lymphatic system is vastly under researched when compared to the 
cardiovascular system.  The first model of the lymphatic system is attributed to Reddy 
et al. and currently remains the only model of the entire system.
99
 It is a simplified one-
dimensional model of the entire lymphatic network that is based on the Navier-Stokes 
equations. Many ensuing studies have focused on specific areas of the lymphatic 
system, rather than the entire system as a whole.
40–44
 Analytical models of 
lymphangions in series (1-6 lymphangions) were developed to explore the optimal 
coordination of lymphangion contraction in both normal physiological conditions (input 
pressure less than output pressure) and edematous conditions (input pressure greater 
than output pressure).
40
 Lymphedema is a condition that often occurs in breast cancer 
patients after an axillary node clearance, which results in altered fluidic conditions 
within the lymphatics. The single lymphangion model predicted high flow when 
subjected to edematous conditions and low flow when subjected to normal conditions. 
In the six lymphangion model it was found that the maximum flow occurs when the 
lymphangions pump almost synchronously (slight time delay between contractions, up 
to 3 seconds) and the flow reduces when the lymphangions pump simultaneously 
(contract at the same time). A lumped parameter model for a chain of lymphangions (1-
5 lymphangions) was created, which accounted for both the passive behaviour of the 
vessels and the active vessel contractions.
41
 The concept used in this investigation 
provided an insight closer to the physiological behaviour of the lymphatics in vivo than 
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any previous model. Sequential contraction of lymphangions was found to be much 
more efficient than synchronised contraction with regards to mean flow rate and adverse 
pressure overcome, in agreement with Venugopal et al.  
Bertram et al. found that both intrinsic pumping and increased impedance add to the 
metabolic load of pumping, and the flow rate is greatly reduced if the lymphangion is 
not within range of its optimal operating point. When the model was subjected to a large 
change in pressure, the pressure waveforms were sinusoidal in shape, and the pressure 
gradient in each lymphangion was small. However, interestingly, at higher flow rates 
these pressure waveforms took on more complex shapes as intermediate pressures 
exceeded downstream pressures. The advancements made by Bertram et al. have been 
improved upon further in ensuing studies.
44,47,48
 The model, initially developed in 2011, 
was modified to incorporate new physiological values, and with all the models 
parameters linked to experimental measurements the group were able to elucidate 
whether all the experimental measurements were consistent. Bertram and colleagues 
found they were not and then employed dimensional analysis to restore effective 
pumping in the model.  
The adverse pressure gradient across a series of lymphangions was maintained, while 
both the contraction timing and the lymphangion filling time were varied systematically 
in order to investigate valve function.
47
 The properties of the valves were found to have 
a significant effect on system function. Jamalian et al. identified which parameters have 
the greatest effects on system outcomes by carrying out a parameter sensitivity analysis 
based on the model developed by Bertram et al.
42
 The authors were able to identify the 
number of lymphangions that resulted in the highest flow rate at each lymphangion 
length and the optimum number of lymphangions per vessel length based on a particular 
pressure difference. The first study to analyse a branching network of lymphatics since 
Reddy et al. in the 1970s is also attributed to this research group.
43
 They built upon their 
previous lumped-parameter model to create a bifurcating lymph network structure 
which consisted of multiple lymphangions (Figure 2 - 2 (a)). They studied the effect of 
pumping coordination, external pressure and axial pressure difference on lymphatic 
pumping and what they found was that the effects of these functional parameters are 
highly interconnected. Their results demonstrated that effective pumping was highly 
influenced by both trans-axial and transmural pressure differences. Thus, efficiency of 
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the lymphatic pump is highly dependent on the coordination of the contraction wave. 
Additionally, the response of lymphatics to applied pressure conditions and signalling 
pathway manipulations have been modelled using mathematical simulations (Figure 2 - 
2 (b)).
26
 The mechano-biological control mechanisms described in this study adapts to 
varying fluidic environments to optimize lymph transport. For further information a 






Figure 2 - 2: Illustration of some of the various lymphatic system geometries modelled using numerical 
techniques. (a) A branched lymphatic network model with three generations of bifurcating vessels. (b) A 
lymphangion model illustrating cyclic lymphatic pumping. Flow direction is from bottom left to top right. 
(c) A 3D model of a rat lymphatic shown in 3 different views. (d) A lymph node model illustrating the 
various regions within the node. Adapted and reprinted from Ref. 43, 26, 107, 11 respectively. 
 
To date very few groups have modelled the initial lymphatics.
35,51,101
 The first estimates 
of the pressure drop required for lymph flow in the initial lymphatic networks 
(lymphatic capillaries) have only recently been obtained.
50
 Anatomical measurements of 
rat mesenteric initial lymphatic networks were acquired and using a segmental 
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Poiseuille flow model the pressure drops across both real and theoretical networks 
(approximately 1000 models) were calculated. There are several aspects of lymphatic 
behaviour that have not yet been addressed by the aforementioned lumped network 
models. Despite the assumptions and simplified modelling techniques used, the lumped 
models revealed very complicated behaviour. The complexity of the lymph system is 
such that using discrete models as a first step allows a wide range of parameters to be 
investigated in a controlled manner. The complexity of these models can be increased 
over time to replicate in vivo conditions using more advanced computational methods to 
solve the space-dependant and time-dependant flow characteristics. 
2.3.2 Computational Modelling 
Experimental characterisation of lymphatic flow is extremely difficult; therefore, using 
computational fluid dynamics (CFD) may be the only feasible way to study certain 
aspects of it. To date only a handful of studies have attempted to model the system 
using computational methods, however, the number of studies being published recently 
is increasing as summarized in Table 2 - 1. The lack of computational models developed 
presents a wealth of opportunities for researchers. A major concern with modelling flow 
in the lymphatics is the assumption of Poiseuille flow as the lymphatics have been 
shown to undergo large rapid contractions.
9
 As a result, the validity of assuming 
Poiseuille flow to estimate wall shear stress (WSS) in a lymphangion was 
investigated.
34
 A three-dimensional (3D) model of a radially expanding and contracting 
lymphangion was generated, and the WSS was analysed throughout a contractile cycle. 
The applied wall motions resulted in high radial velocities, however, the WSS values 
recorded for each wall motion remained within 4% of quasi-static Poiseuille values. 
Thus, the study concluded that the assumption of Poiseuille flow is valid for the 
estimation of WSS in a lymphangion contractile cycle. Rahbar and Moore’s model was 
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Table 2 - 1: Summary of the numerical models that investigate flow in the lymphatic system, including a description of the geometry and the type of model, information on 
the flow rates employed, the areas that were modelled (LV = lymphatic vessel, LN = lymph node, V = valves included in the model, Cells = are cells modelled in the flow) 
and any validation techniques used are provided. 
Author Year Geometry description Description Values LV LN V Cells Validation 
Moura Rosa et 
al. 
2016 
The main microchannel (10 x 1 x 0.1mm), consisting of 
2 inlets & 2 outlets. 
3D 
Q = 2.7x10-14-0.27m3/s 
τ = 0.001-10Pa 
No Yes No No In vitro (murine) 
Jamalian et al. 2016 
Bifurcating network structure of LVs where each vessel 
contains multiple lymphangions. 




/s Yes No Yes No  




/s Yes No Yes No  
Sloas et al. 2016 Initial lymphatic networks, area = 12-129mm
2 
Analytical V = 2, 4 mm/s Yes No No No  




/s Yes No Yes No  
Wilson et al. 2015 
Idealised lymphatic valve and sinus. Dmax = 100-
300µm. Total sinus length = 434µm. 
3D Rec = 0.17 Yes No Yes No 
Bertram et al. 
2014 
Jafarnejad et al. 2015 
Lymph node model based on a mouse popliteal node 
(large d = 1mm, small d = 0.7mm). 
3D 
Rec = 0.027,                
τ = 0-0.4Pa 
No Yes No No 
 
Kunert et al. 2015 Two lymphangions in series. Analytical 
 
Yes No Yes No In Situ (murine) 
Kisliysyn et al. 2015 Lymph node model (d = 500µm). 3D No flow No Yes No No 
 




/s No Yes No No 
 
Pisano et al. 2015 
Flow chamber (d ~ 6.4mm) placed on top of 
microchannels (d ~ 0.5mm). 
3D τ = 0-0.1Pa Yes No No Yes In vitro 
Bertram et al. 2014 Lumped parameter model based on Bertram et al, 2011. Analytical 
 
Yes No Yes No 
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τmax = 1.2Pa 
Jamalian et al. 2013 
Lumped parameter model of lymphangions in series, 
based on Bertram et al., 2011 (d = 250µm). 




/s Yes No Yes No 
 
Rahbar & Moore 2011 Idealised lymphangion model, (40µm > d < 120µm). 3D 
Rec < 1,                        
τ = 0.003-0.8Pa 
Yes No No No 
 
Bertram et al. 2011 
Lumped parameter model of (1-5) lymphangions in 
series including inter-segmental valves 
Analytical 
 
Yes No Yes No 
 
Venugopal et al. 2009 Lumped parameter model based on Quick et al. 2008. Analytical 
 
Yes No Yes No In vitro (bovine) 
Galie and Spiker 2009 
Based on Mendoza and Schmin-Schonbein. Cell 
thickness = 0.25µm 
2D 
Analytical  







Lymphangion model including upstream and 
downstream valves (l = 20mm, d =1.5-3.6mm). 
1D Q = 0-300mm3/s Yes No Yes No In vitro (bovine) 
Quick et al. 2008 Algebraic model. Analytical 
 
Yes No Yes No 
Venugopal et al. 
2007 




/s Yes No Yes No In vitro (bovine) 
Venugopal et al. 2007 








Two overlapping endothelial extensions at a cell 







/s              
Rec = 0.0001 
Yes No Yes No In Situ (murine) 




/s Yes No Yes No In Situ (bovine) 




/s Yes Yes No No 
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one limitation of the study is that it neglected to consider the potential effects 
lymphocytes and other cells have on the flow. The role the lymphatics play in spreading 
BCCs to distant locations within the body is by large unknown. 
Several studies have identified the important role Nitric Oxide (NO)  plays in 
controlling the lymphatic contractile cycle
16,30,102
 and advancements in imaging 
techniques have allowed more physiologically relevant models to be created. A realistic 
3D model of a lymph vessel, created from confocal images, modelled the transport of 
NO within a rat mesenteric lymphatic vessel, again, this model was the first of its kind, 
(Figure 2 - 2 (c)).
28
 Flow stagnation areas were found near the valve leaflets and NO 
concentration levels were shown to be sensitive to both imposed flow conditions and 
endothelial cell sensitivity. The effect of sinus geometry and valve leaflets on the flow 
around lymphatic valves was investigated in a 3D parametric model based on images of 
isolated rat mesenteric lymphatics.
46
 Similarly to their previous study, recirculation 
regions were recorded near the leaflets, and velocity values were found to be much 
lower than central lymph flow. Stagnant flow was observed, which may have an effect 
on cell transport in the region. The authors recommend that future studies should 
incorporate fluid-structure interaction (FSI) coupled with particle transport models. 
Additionally, the use of multiphase flow models could explore this microenvironment in 
even further detail.  
Lymph node models have been created in which analysis of the flow patterns identified 
the parameters involved in lymph transport and exchange within the node.
11,29,103
 The 
first 3D model of a lymph node, (Figure 2 - 2 (d)), revealed that over 90% of the 
afferent lymph flow was directed around the periphery, through the subcapsular sinus 
and medulla. This behaviour was also found in a subsequent study.
29
 What is very 
interesting to note is that the WSS along the subcapsular sinus are within an order of 
magnitude of the lymphatics that lead to the afferent lymphatics of the lymph node.
11
 
Knowledge of these stresses and their magnitudes could be used in future experiments, 
where the various immune cells and pathogens contained within a lymph node are 
exposed to realistic conditions and their corresponding behaviour investigated. This 
could potentially lead to more accurate in vitro cell culture and lymphatic-metastasis 
models.  
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The knowledge obtained from the studies discussed in this section has proved useful 
with regards to determining lymphatic function, but the models discussed contain a 
number of assumptions which warrant acknowledgement. For example, many studies 
assumed the lymphatics were cylindrical in diameter when calculating the volume 
changes and uniform behaviour was assumed for each lymphangion, which is not the 
case in vivo. As Table 2 - 1 illustrates, none of these studies considered the multiphase 
effects of cell flow on the fluidic environment. Hence the complexity of these models 
could be increased by employing multiphase modelling techniques such as Lagrangian 
tracking, the Discrete Element Method (DEM) or the Dynamic Fluid Body Interaction 
(DFBI) method. These types of models may provide an insight into the lymphatic 
conditions BCCs experience and how they alter normal flow conditions. Recently, a 
study concluded that the mechanical forces generated by fluid flow regulate cellular 
behaviour in terms of metastatic potential and proliferation.
98 The metabolic response of 
cells is associated with the shear stress magnitudes and gradients they are exposed to,
7,94
 
therefore, identifying the local velocity gradients and shear stresses that BCCs are 
exposed to is crucial to determining their behaviour under these specific flow 
conditions. Given the experimental difficulties of obtaining shear stress profiles on the 
surface of BCCs in silico models offer several advantages with regards to obtaining 
detailed information on flow conditions and cell surface forces. Numerical simulation of 
BCC motion in response to the hydrodynamic forces imposed by the lymphatics may 
facilitate in obtaining the shear stresses experienced by the cell membranes in this 
fluidic environment. To the author’s knowledge, no experimental data is available on 
the response of BCCs to lymphatic flow conditions; however, numerous studies have 
investigated particle flow in microdevices, which could be leveraged to validate future 
numerical modelling studies in this area. 
2.3.3 In Situ Studies 
Information on lymphatic transport mechanisms is vital if the role lymphatics play in 
transporting BCCs is to be elucidated. High speed imaging systems have measured flow 
velocities and shear stresses in lymphatics throughout an entire contraction cycle, which 
found that lymph velocity varies with phasic contractions in both magnitude and 
direction.
9
 The work carried out by Dixon et al. provided the foundation for many 
subsequent studies.
15,34,104
 Lymphatics can contract up to ~40%, over a characteristic 
period of 2-3s, which results in contraction velocities of approximately 0.04mm/s in rat 
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mesenteric lymphatics. In these studies lymphocytes were used as tracers to determine 
the lymph velocity and estimate WSS, this approach assumes that lymphocytes 
faithfully follow the flow; however this may not be the case. Lymphocytes are relatively 
large (7-10µm) with regards to the vessels they travel in, and research has shown that 
large particles (>10% the channel width) tend to lag behind the fluid velocity.
105
 Spatial 
resolution in these types of experiments also depends on the lymphocyte density, which 
can be quite low.  
Recently both the immediate and longer term response of lymphatics to edemagenic 
stress were investigated in rats that were infused with saline to induce edema.
106
 
Increases in flow rate, lymphatic contraction frequency and fractional pump flow which 
resulted in increased lymphatic contractile activity were recorded. However, despite 
these large variations, statistically insignificant changes in vessel diameter were 
recorded. The increase in contraction frequency and the unchanged vessel diameter 
accounts for the increased WSS levels that were seen post infusion. Average shear 
stresses in collecting lymphatics have been reported to be 0.064 ± 0.014Pa, with peaks 
of 0.4-1.2Pa,
104
 and shear stresses on valve leaflets were up to three times greater than 
downstream in the lymphatic vessels.
107
 However, in this study shear stresses increased 
up to 4Pa due to the imposed edemagenic conditions.
106
 Vessel contraction increased by 
50% at one minute post infusion and gradually decreased with time. Lymphatic function 
has been shown to alter in response to induced inflammation in mesenteric lymphatics.
45
 
What is unique about this study is that the cellularity of the lymph in response to the 
inflammation was also measured. It was found that the relative density of cells in the 
lymph increased as the lymph flow decreased. The authors question whether changes in 
the hydrodynamics and resistance of the lymph nodes affect the work load that is 
required to move lymph through it. The results of the above studies suggest that 
lymphatics are particularly sensitive to mechanical stimuli, which allows them to adapt 
to altered fluid conditions.  
Lymphatic contractility varies depending on the region of the lymphatic system. The 
strength and sensitivity of lymph pumps, in various regions of isolated rat lymphatics 
(thoracic duct, mesenteric, cervical, femoral lymphatics), were found to be 
predetermined by different hydrodynamic factors and outflow resistances.
108
  The first 
study to investigate the timing of secondary lymphatic valve movements, in response to 
the lymphatic contraction cycle, is attributed to Davis et al.
10
 Their results found that 
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lymphatic vessel distention has a significant influence on the pressure gradient required 
for opening/closing the valves. Further work by this research group has also 
characterised the electrophysiological properties of rat mesenteric lymphatics.
30
 The 
results of these experimental investigations have provided valuable inputs to many of 
the analytical models discussed previously. 
2.3.4 In Vivo Imaging of Lymphatics 
Imaging of the lymphatics is challenging due to their size and location, as a result 
obtaining information on their velocities and contraction frequencies in vivo is very 
difficult. The first continuous in vivo measurement of lymph flow with temporal 
resolutions sufficient to quantify pulsatile dynamics was obtained using Doppler optical 
coherence tomography (OCT).
109
 This work successfully recorded lymph volumetric 
flow rates and lymphatic contractions simultaneously in mice models and the accuracy 
of the method was compared to both in vitro and in vivo methods. Real-time 
fluorescence imaging of MDA-MB-231 cells travelling in the lymphatics of 
immunodeficient mice was carried out to investigate the lymphogenic metastasis of 
breast cancer.
110
 Migration of the BCCs in the lymphatics and hence, into the lymph 
nodes, where metastases were formed was observed non-invasively, thus the entire 
architecture of the network was preserved, in contrast to other studies that investigate 
lymphatic flow.
12,15,104
 The events recorded here provide a more accurate indication of 
the physiology of breast cancer metastasis than previous work. The metastasizing BCCs 
were monitored weekly to record their dissemination and the average BCC velocity was 
found to be 23±11µm/s, typical of lymphatic flow rates in mice. Prior to implantation 
into the mouse models, the BCCs were fluorescently labelled. In vivo fluorescent 
images of the BCCs were then captured to determine their velocity as they migrated 
through the lymphatics. The sequential monitoring discovered local metastases in the 
lymphatics after 8 weeks of implantation which consequently resulted in reduced flow 
rates in the vessels. Recently BCCs were injected into lymph nodes in rat models and 
the transport kinetics of a florescent dye were monitored so that the lymphatic flow 
from afferent lymphatics to lymph nodes could be quantified.
111
 A significant difference 
between cancer-free and cancer-bearing lymph nodes was found, with the flow rates in 
cancer-bearing nodes being far lower than normal nodes. By using whole-organ 
imaging technology a 3D representation of lymph nodes, with cellular resolution, have 
been obtained.
112
 The benefit of these models includes a clearer picture of the node 
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architecture and organisation of the cells within the structure. The emerging imaging 
techniques mentioned enable quantification of lymphatic function using high resolution 
imaging which will progress both research and clinical applications. While these 
experiments reveal important physiologically relevant results, the use of in vitro 
methods allow more control over factors that affect lymphatic function, which can lead 
to more detailed descriptions of the fluidic environment. 
2.3.5 In Vitro Studies 
Micro Particle Image Velocimetry (µPIV) techniques were employed to measure flow 
in lymphatics isolated from rat mesenteries.
8
 This was the first study to use this 
measurement technique in lymphatics and its potential use in future experiments is very 
promising. The use of smaller tracer particles and µPIV processing techniques allowed 
the spatial resolution of the experiments to be significantly increased. The authors were 
able to record the flow around lymphatic valves and areas of flow disturbance were 
apparent, (Figure 2 - 3). The temporal resolution (2µs) allowed for much greater detail 
than any other measurement technique to date.  
 
 
Figure 2 - 3: Flow around valve leaflets of a non-contracting rat lymphangion at an axial pressure 
gradient of -98Pa at a transluminal pressure of 98Pa obtained from µPIV measurements. (a) Streamlines 
identifying recirculation around the lymphatic valve and (b) colour map of the velocity magnitude. The 
scale is in mm∕s. The Reynolds number calculated upstream of the valve, based on the lymphatic 
diameter, is ~0.45. Reprinted from Ref. 8, with permission from SPIE. 
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An in vitro model of the tumour-lymphatic environment, which allowed quantification 
of cell invasion and transmigration dynamics across lymphatic endothelium under 
varied biomechanical conditions, was created.
32
 The focus of this study was to 
recapitulate the fluid forces acting on interstitial cells and the endothelium in the 
lymphatic environment since both of these are involved in cell trafficking. This model 
demonstrated that both luminal and transmural flows enhance the invasion and 
transmigration of MDA-MB-231 BCCs through the extra cellular matrix. The authors 
show that luminal shear stress indirectly modulates tumour cell migration dynamics 
through its action on the endothelium. This model demonstrates the need for further 
research in this particular area by highlighting the complex relationship that exists 
between flow and BCC behaviour. As demonstrated throughout this review, the 
function of the lymphatic system, and the role it plays in cancer metastasis, is 
complicated. Most of our knowledge is derived from animal studies,
10,15,30,47,53,113,114
 
therefore, it would not be unexpected if lymph transport in humans differs in some 
aspects from what has been found to date.  
Accurate measurement of lymph flow in vivo is very challenging, however, continuous 
advancements in imaging technologies will provide insights into the fluidic 
environment and flow induced stresses BCCs are exposed to in this environment. With 
this knowledge improvements can be made to current research modalities, exposing 
BCCs to a more realistic environment, leading to improved diagnostic techniques. The 
response of BCCs to the physical environment in the lymphatics may be exploitable for 
the treatment of breast cancer metastasis. Preclinical and clinical studies show that 
lymph node metastases and primary tumours can respond differently to the same 
therapeutic regimen.
77
 Drug development needs to account for the various 
microenvironments in which BCCs reside to improve efficacy of therapy. 
Recapitulation of the key aspects of the environment, such as quantifying the flow 
induced surface forces BCC membranes are exposed to, may lead to improved cell 
culture experiments. Interdisciplinary research, in areas such as cell biology and 
microfluidics, is required to increase the knowledge base surrounding BCC metastasis 
before the end goal of discovering methods to control or manipulate the mechanisms 
governing BCC metastasis is achieved. 
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2.4 Dynamics of Particles in Confined Microenvironments  
Microfluidic systems are regularly used to transport, sort and analyse biological cells. 
Consequently, there is a considerable wealth of research that examines transport 
properties of particles and biological cells in microfluidic devices.
58–70,115–123
 Particles 
flowing in microchannels experience drag and lift forces that result in complex 
behaviour, where particle velocities may lag or exceed the undisturbed flow velocity. 
Fluid forces due to shear, wall effects and particle rotation scale differently depending 
on the local flow conditions with the effect that low concentration particles suspended 
in micro-flows move to equilibrium positions. Segré and Silberberg reported particle 
migration to focus on an annulus with a radius of ~0.6 times the pipe radius.
118
 This 
unexpected migration of particles to a stable dynamic equilibrium suggested that 
different types of forces acted on particles in Poiseuille flow. Later theoretical analyses 
discovered that there are two opposing forces that dominate neutrally buoyant particles; 
the wall induced lift force Fw, and the shear gradient induced lift force Fs, (Figure 2 - 4).  
 
 
Figure 2 - 4: (a) Inertial focusing in square channel. At the inlet the particles are randomly distributed. 
They then migrate to equilibrium positions located at the centre of the channel walls. (b) Illustration of 
the lift forces acting on a particle in confined channel flow. Flow direction is from left to right. 
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The wall repulsion force pushes particles away from the channel walls as a result of the 
asymmetry of the corresponding wake vorticity distribution. The shear gradient lift 
force originates from the curvature of the velocity profile and causes the particles to 
migrate away from the central axis. The equilibrium position of particles is determined 
by the balance of these two forces as well as the particle and channel size. Despite the 
extensive body of experimental, theoretical and computational studies that Segré-
Silberberg’s findings initiated, a complete insight into the inertial migration of particles 
is not fully understood.
124,125
 Table 2 - 2 summarizes a number of studies that have 
investigated particle/cell behaviour under low flow rates (Re < 500) in microchannels in 
an attempt to elucidate their behaviour. A number of the studies summarised in Table 2 
- 2 are discussed to provide an overview of the events that occur during particle/cell 
advection in micro-flows. 
It has been shown that migration does not occur when the particle size is small 
compared to the channel height.
63
 The critical Rec at which the equilibrium positions 
start to form is estimated to be 20-30,
126,127
 however, recent work by Abbas et al. have 
shown that particle migration can occur at Rec as low as 5.
128
 When the channel height 
approaches the same order of magnitude as the particle diameter, the walls influence 
their advection and assuming that the particles travel with the local fluid velocity is no 
longer valid. Further research is required to fully characterise the motion of single 
particles in Poiseuille flows.
129
 The smallest dimensions of the lymphatics are not much 
larger than the BCCs that are being transported in them; as a result there is a highly 
dynamical and strongly inter-dependant relationship between them. 
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Table 2 - 2: A summary of relevant microfluidic studies that have investigated the behaviour of particle/cell flow in confined channels when subjected to low Rec. A 
description of the particles/cells that were tested is provided along with information on the flow rates and a description of the channel geometry. 
Description of Cells/Particles Flow Rate (Q) Rec Geometric description of model(s) Ref. 
T cells 0.1-1000µL/min 0.0023-2.6 Main channel (10 x 1 x 0.1mm) consists of two inlets & two outlets 19 
MCF-7 (16.2 ±1.8μm), MDA-MB-231 
(17.9 ±2.94μm), HT-29 (15.5 ±1.25μm) 
Pressure difference applied = 5-15kPa 
Microchannel contains multiple arrays of crescent-shaped isolation wells 
(gap width = 20µm) 
66 
Hela, MCF-7, Particles (1, 5, 10µm) 10-4500µL/min 5-270 An array of expansion-contraction reservoirs placed in series and parallel 69 
MDA-MB-231 cells (15 ± 4.3μm) 64-256µL/min Rep = 0.16-0.62 
Two expansion/contraction microchannels (2cm x 80µm x 220µm and 
1.5cm x 70µm x 270µm) 
68 
RBCs, Particles (8.7μm) 0.16-16.66µL/min 0.01 Microchannel with constriction (H = 75µm) 58 
Leukaemia cells 0.5µL/min 0.05 Three sheath flow inlets, main channel = 380x400µm 59 
Particles (5 + 15µm) 
 
30-468 Channel AR = 1, 2, 4 and 6 60 
Particles (15.5µm) 1-330µL/min 0.246-75.356 Rectangular straight channel, 4cm x 85µm x 100µm 61 
Particles (5.8 + 10µm) 0.026-8.9µL/min 0.000095-0.016 Two square channels (w=50 + 100µm) with smooth and blunt entrances 62 
Particles (10 + 16µm) 
 
0.29-99.78 Tube d = 216, 277, 550µm 63 
Particles (1 + 4.8µm) 
 
5.6-28 Tube d = 75µm. Two lengths used (5 + 60cm) 70 
MDA-MB-231 cells In vivo flow 
 
Mammary fat pads implanted into mice models 110 
Dermal LEC cells, MDA-MB-231 cells, 
Particles (5µm) 
Fixed to provide τ = 0-0.1Pa Flow chamber (d ~ 6.4mm) placed on top of microchannels (d ~ 0.5mm) 32 
Particles (non-spherical shapes) 25-1400µL/min 14-200 Straight channel, AR = 1.5, L = 4.5cm 115 
Particles (800-1710µm) 0.33-5.28µL/min 3-30 Tube d =11.2 ± 0.2mm 118 
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Particles (η = 9.6 + 16.6) 
 
100-1000 Square channel 130 
Particles (50-500µm) 1-25µL/min 0.005-0.05 
Rectangular channel (7.6cm x 0.52mm x 5mm) with both blunt and 
angled-entrances 
105 
Particles (2.4 + 5.9µm) 0.166-5.33µL/min 
 
Square channel (50 x 50µm) 126 
Particles (7.32-20µm) 
 
10-120 Range of rectangular channels (50x27µm, 50x100µm, 25x50µm) 132 
Particles  (6 + 10µm) 
 
0.06-58.65 Two square channels (d = 87.5µm and 140.9µm) 119 
RBCs, Particles (7.9µm) 40-200µL/min 17-84 Expansion/Contraction sections with one inlet and three outlets 122 
MCF-7, HeLa, MCF-10A, SAOS-2, 
Droplets (6-20µm), particles (2-30µm). 
25-450µL/min 21,42 Straight (AR=2, 2.2, 2.3) channel with an expansion region with 5 outlets 117 
Particles (9.9µm), WBCs (7-11µm), PC-3 
cells (10-35µm) 
50,150, 450µL/min Rep = 0.16-9.11 Straight channel (3.5cm x 93µm x 45µm) 120 
MCF-7 (18.1 ± 1.8μm), MDA-MB-231 
(18.2 ± 2.8μm) cells  
10-150 Channel AR=5 (h=100µm) contains a focusing and pinching region 116 
MCF-7 and MCF-10A cells Pressure difference applied = 490.5Pa Column based microfluidic system (150 x 10 x 10µm) 134 
Non spherical (ellipsoids) particles. 1:3 1:5 40-80µL/min 13-37 Primary channels = 47 x 25/30/35µm, 5/7 branched outlets 138 
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Dilute suspensions of large (~10% the channel width) particles adhere to the following 
sequence of events when flowing in a square microchannel; at low Rec (Rec ~100), the 
particles migrate towards the channel walls, where they are evenly spaced in the flow 
direction, while at higher Rec (Rec >700) values the uniform spacing no longer remains 
and particles tend to cluster together at additional equilibrium positions, located near the 
channel centre.
130
 Staben et al. formulated a boundary-integral solution technique for a 
particle flowing between two parallel plane walls in Poiseuille flow. They found that the 
average particle velocity for a uniform distribution of particles over the channel depth 
was greater than the average fluid velocity for the range dp/h < 0.82, where dp is the 
particle diameter and h is the channel height. However, this result can be explained by 
the exclusion of particles from the near wall regions, where the fluid velocity is slowest. 
When dp/h > 0.82, the particle velocities are significantly affected by wall interactions at 




When the particle size is large compared to the channel size the particle velocity 
decreases due to the retarding effects of the nearby walls. In the case of BCCs, which 
are large when compared to the lymphatics, the effect the BCCs have on the local fluid 
velocity at the flow rates experienced in vivo has not been established. In a later study 
particle tracking experiments were carried out to validate the boundary-integral 
simulations.
129
 Again they found that the measured and predicted velocities show that a 
particle’s velocity lags behind the main fluid velocity when the particle is larger and/or 
closer to the channel walls. Figure 2 - 5 (a) shows that small particles travel at the same 
velocity as the local fluid, except in regions closest to the walls. Increasing particle size 
results in a decrease in the particles velocity due to the retarding effects of the nearby 
walls, as seen by the shifting of the velocity curves to the left with increasing particle 
size. When the ratio of dp/h is large the general assumption that the particle velocity 
equals the undisturbed flow velocity does not hold and they recommend it should be re-
examined. 
 




Figure 2 - 5: (a) Experimental measurements of particle velocity (Up) scaled by the average centreline 
velocity (Uc) as a function of the particle centre distance from one of the walls (d) scaled by the channel 
height (h), reproduced from the data available in Ref. 129. The solid curves are the undisturbed Poiseuille 
fluid velocity and simulation results for particles of increasing diameter and the dashed curves are the 
near-wall asymptotic results The particles in the blunt-entrance channel (black symbols) and angled-
entrance (white symbols) have the following diameters; 0.07 ≤ dp/h ≤ 0.10 (□), 0.46 ≤ dp/ h ≤ 0.54 (○), 
and 0.79 ≤ dp/h ≤ 0.83 (Δ) and in both channels for 0.88 ≤ dp/ h ≤ 0.91 (+) and 0.93 ≤ dp/ h ≤ 0.95 (x). (b) 
Spatial distribution of particles over normalized lateral positions at various Rep.  Rep = 0.01, 0.05 and 0.09 
reproduced from Ref. 119 and Rep = 1.55 and 1.94 reproduced from Ref. 123. 
 
For dp/h << 1, Di Carlo et al. observed that the particles equilibrium positions 
approached ~0.6 times the channel radius, in agreement with Segré and Silberberg, they 
also observed that the particle velocities were not the same as the unperturbed fluid 
mean at their centre-point.
131
 The low Rec values that were investigated in these studies 
remain considerably larger than the values present in the lymphatics (Rec < 1). To the 
author’s knowledge, an understanding of the behaviour of large particles/cells under 
these flow conditions has yet to be elucidated. Recent work carried out by Liu et al. 
proposes a two stage particle migration based on numerical predictions which is in 
agreement with previous experimental observations.
60,132
 The results reveal the general 
dependence of equilibrium positions on dp/h and Rec. Kim and Yoo investigated the 




At low Rec, they observed that the particles (6µm and 10µm) were distributed somewhat 
uniformly across the square microchannels (W = 87.5µm and 140.9µm), concluding that 
particle migration is not seen at such small Rec.
119
 However, as they increased Rec they 
observed particle migration away from the channel centre, as illustrated in Figure 2 - 5 
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(b). The data presented in Figure 2 – 5 (b) is plotted based on the particle Reynolds 










     (2-1) 
These results are in direct agreement with previous work.
127
 As demonstrated from the 
above literature, a complete understanding of the mechanisms behind particle migration 
has yet to be exposed, despite the increased research in this area. The majority of the 
studies examine the migratory behaviour of very small particles (<10% the channel 
width) under typical inertial focusing flow rates (30< Rec <300). However, very limited 
data is available on the response of large particles (>10% the channel width) to the low 
Rec flow present in the lymphatics. A more complete understanding of real-world 
particle migration (e.g. cancer cells, bacteria) requires additional knowledge of how 
particle shape, deformability and fluid properties contribute to the overall motion. 
2.5 Cancer Cell Advection in Micro-flows 
The theoretical understanding of the inertial migration of cancer cells is poor when 
compared to rigid particles. Cancer cells vary in size, shape and morphological 
properties and have been shown to be much more deformable compared to the normal 
cells of the same tissue.
117,133,134
 Deformable cells moving in confined flow introduce 
nonlinearities in the system which causes cross-stream migration. The direction of the 
deformability-induced lift force is towards the channel centre, owing to the parabolic 
nature of the Poiseuille velocity profile.
135
 This deformability-induced lift results in 
equilibrium positions closer to the centre of the channel in comparison with rigid 
particles.
136
 At low Rec (Rec = 21-42), Hur et al. describe the potential for migration due 
to deformation as a potential means to sort cells.
117
 This enables similar sized cells to be 
separated based on their morphological response to the flow. The lateral migration of 
droplets, particles and a number of cell types, including MCF-7 cells were compared. 
The results revealed that BCCs with increased metastatic potential and larger BCCs 
migrated closer to the channel centreline than that of benign BCCs despite their similar 
cell size. They found that in general increasing cell size or deformability causes the 
equilibrium positions to shift away from the wall, similarly to previous work.
137
 
Bacteria and cancer cells can be filtered using these separation techniques.
70,115,122
 
Additionally, the migration behaviour of non-spherical particles has been shown to be 
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largely influenced by the rotational diameter.
115,138
 Tanaka et al. examined the inertial 
migration of MDA-MB-231 cells and particles as a means of identifying CTCs in high 
haematocrit blood-flow.
68
 It was found that the BCCs required a longer channel length 
(almost double) to reach an equilibrium state compared to the rigid particles. These 
differences were attributed to the distribution of BCC size and interestingly, cell 
deformation was deemed not be a major contributing factor. Small variations in BCC 
size resulted in large differences in the migration length.  
Lim et al. used Particle Tracking Velocimetry (PTV) techniques to observe the 
behaviour of particles, white blood cells (WBCs) and prostate cancer cells in 
physiological saline and blood.
120
 Inertial focusing behaviour of the particles in diluted 
and whole blood solutions (HCT = 45%) was observed. They found that despite the 
similarity in diameter between the WBCs and the particles, WBC focusing was visibly 
weaker. The decrease in WBC focusing was attributed to the smaller WBCs found 
unfocused at vertical positions near the channel wall. This is a very interesting finding, 
if one considers that BCCs can vary in size from 10-40µm, one would expect that the 
cells behaviour in the lymphatics would depend on their size, however, there is little or 
no evidence in the literature on how BCCs affect lymph flow or what the consequences 
with regards to cancer metastasis are. The mechanical properties of cells can change 
significantly in the context of disease. The stiffness of cancer cells is drastically reduced 
when compared to cells of the same origin. Furthermore, increasing metastatic potential 
is associated with decreasing single cell stiffness. To date, the effect these properties 
have on the flow conditions in the vessels transporting them has not been investigated. 
Taking all of the above factors into account suggests that the response of BCCs to the 
fluidic forces they are subjected to depends largely on the cell’s geometrical and 
morphological properties. 
2.6 Future Perspectives 
Despite the amount of literature available on the biological/signalling aspect of how 
BCCs enter the lymphatics, the events that occur subsequently in transporting them 
have been relatively unexplored. Thus, a prominent area for future research will be the 
mechanics that govern BCC advection in the lymphatics. The use of in vitro models will 
provide controlled environments in which variables can be systematically analysed. The 
outputs can then be used to create more biologically relevant models in the future. The 
intersection between biological modelling of lymphatic metastasis and the mechanics of 
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BCC transport will provide significant advancements in the area of lymphatic research 
and biology. More comprehensive theoretical and experimental techniques are needed 
to quantify the interaction between cells/particles and lymph flow, under various 
physiological conditions, resulting in a more concrete basis for numerical simulation, 
with applications lending themselves to numerous types of biological cell flows. 
A major challenge that remains is the successful translation of experimental 
measurements to an in vivo setting. The lymphatics are not easily visualised and this 
technical limitation has greatly hindered research advancements. The majority of the 
studies discussed lack the spatial resolution needed to investigate specific flow patterns 
within the lymphatics. New investigative techniques need to be developed or current 
imaging modalities modified so that the flow velocity in small lymphatics can be 
accurately recorded. Numerous reviews have highlighted the need for further research in 
these areas.
5,139,140
 More sophisticated imaging techniques are now becoming available 
and µPIV show great promise with regards to accurately capturing flow patterns in the 
lymphatics. The ideal investigation would incorporate a combination of microfluidic 
and imaging technologies to analyze the behavior of multiphase flow in physiologically 
relevant models, where all experimental inputs have been obtained from in vivo 
measurements. 
The recent advancements in imaging capabilities will lead to an increase in the amount 
of physiologically relevant models generated, in which CFD analysis can predict in vivo 
conditions. As evidenced by the scarcity of studies devoted to the topic, numerical 
modelling of large cells in microvessels presents a number of difficulties, future efforts 
are required to focus on research needs such as biomicrofluidics. All of the 
computational models to date have assumed that lymph is a continuous, single 
component fluid, and the multiphase effects of cells suspended in the flow have been 
ignored. The introduction of cells into the current models would provide a valuable 
comparison. The use of multiphase modelling techniques, such as the DFBI method, or 
employing FSI methods, could potentially lead to some interesting findings with regard 
to BCC flow in the lymphatics. The results of this review serve to motivate 
experimental work focused on linking fluidic conditions to BCC dynamics associated 
with metastasis. 




This review highlights the significant advances that have been made over the past two 
decades to improve our understanding of the lymph system, with special attention paid 
to the lymphatic fluidic environment, which metastasising BCCs are exposed to. To 
date, the dynamics of BCC transport within the lymphatics has not been quantified. The 
fundamental fluid dynamics that control the transport of these cells has yet to be 
established, at least partially due to the lack of biomechanically relevant models. 
Numerous studies have been carried out to characterise lymphatic flow, however, none 
of these studies address the physical effect of BCCs. One major conclusion that can be 
drawn as a result of reviewing this literature is that despite the increase in the number of 
studies being carried out in this area there remains a vast wealth of information that has 
yet to be discovered. There is a critical need to develop more complex models to 
accurately capture the flow phenomena present. Establishing comprehensive 
connections between the experimental and numerical studies will provide novel and 
powerful developments for breast cancer diagnostics in the future. 
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Theory and Numerical Methodology  
3.1 Theory 
Numerical techniques are used to analyse and solve the governing equations of fluid 
dynamics to determine information on different variables at specific locations within the 
flow field. This chapter describes the theory behind fluid flow and particle flow in 
microchannels, which provides the background needed for the analysis of the results of 
this study. A description of the fluidic forces acting on particles flowing in Poiseuille 
flow is also provided, along with the rationale behind the assumptions made for the 
application of boundary conditions in the numerical models. The process that lead to the 
final numerical technique employed in this study, DFBI, is also outlined.  
A square microchannel was employed in the experiments in this investigation, due to 
numerous experimental advantages which are outlined in Chapter 4, to characterise the 
behaviour of large particles and BCCs when subjected to lymphatic flow conditions. 
The main goal of this research was to develop an experimentally validated numerical 
model of BCC flow in the lymphatics. However, lymphatics in vivo are circular in cross 
section; therefore, it was pertinent to investigate the difference in flow profiles between 
a circular channel and a square channel. The first two sections of this chapter highlight 
these differences which are relevant to the discussion of results in this body of work. 
3.1.1 Poiseuille Flow in Circular and Square Microchannels 
Pipe flow theory is the fundamental theory behind blood flow within arteries; similarly 
this theory can be employed to model flow in the lymphatics. Fully developed flow in a 
circular channel is described by the Hagen-Poiseuille equation. The Hagen-Poiseuille 
equation provides the pressure drop in an incompressible and Newtonian fluid in 
laminar flow flowing through a long straight channel of uniform cross section, 
described by the following relationship: 
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Where u is the flow velocity, ?̅? is the mean velocity, r is the variable radius and R is the 
maximum radius. The experiments carried out in this investigation however, are carried 
out in square microchannels. Originally, Hagen and Poiseuille studied channels with 
circular cross-sections, and there is no analytical solution for Poiseuille flow within a 
rectangular/square cross section, although rectangular and square channels are 
frequently encountered, especially in microfluidics. Instead, a Fourier series 
representation of the solution was found (Bruus, 2008). The governing equations; the 
Navier-Stokes Equations (NSE) are applied to the square microchannel and the 
associated boundary conditions are; 
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where ux denotes the fluid velocity in the x direction, y and z are the directions normal to 
the flow in the channel, P is the pressure, μ is the viscosity, W is the width and h is the 
height of the square channel (W = h) of length L, as illustrated in Figure 3 - 1.  
 
 
Figure 3 - 1: Schematic of a square microchannel with dimensions W x W x L used to derive the velocity 
profile in a square channel. 
 
A Fourier series approximation is used in the z direction for each term. The sine 
function is used, due to the non-slip boundary condition, thus, the function must be odd 
to satisfy the boundary condition. The pressure gradient term on the right hand side of 
Equation (3-2) becomes; 
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The coefficients fn(y) of the Fourier series approximation are constant in the z direction, 
but functions of y; 
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The original equation is differentiated to obtain the Fourier form and the two partial 
derivatives are summed to give the following expression;  
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where ΔP is the change in pressure. For all values of n, the nth coefficient must match 
between each side so that results in; 
𝑓𝑛 (𝑦) = 0  when n is even 
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  when n is odd 
This equation is solved using a particular inhomogeneous solution (fn(y) = constant) 
when n is odd, and then adding this to a general homogenous solution. Taking a general 
solution to the homogenous equation and satisfying the above boundary conditions in 
both directions (no slip at ± W/2, shown in Figure 3 - 1), the expression for the velocity 
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The velocity profile is then integrated twice over the cross-sectional area to derive the 
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3.1.2 Comparison of Circular and Square Microchannels  
An initial study was carried out to investigate the difference between the flow profiles in 
a square microchannel and a circular microchannel so that the findings of this study 
could be related to the physiological situation in vivo. Equation 3-1 and 3-7 were used 
to obtain the theoretical flow profiles for both the circular and square microchannels 
respectively. All simulations were carried out using STAR CCM+ (Version 11.06.010).  
Each channel model was created in the 3D-CAD model generator in Star CCM+ with a 
length of 1mm. A directed meshing approach was employed where the computational 
cells were aligned in the flow direction. A constant stretching function was applied over 
25 layers along the length of the channel. A total of 140,625 cells were present in both 
the square and circular channel meshes.  
The fluid was assumed to be an incompressible single component Newtonian fluid with 
a density of 1000kg/m
3
 and a dynamic viscosity of 1mPas. A steady uniform inlet 
velocity profile, with a mean value of 388µm/s was defined at the channel inlet. A 
pressure outlet boundary condition was defined at the channel outlet and a no-slip 
boundary condition was defined at the walls of the channel. The entrance length for 
flow in the microchannel was insignificant (Le < 1µm) with respect to the length of the 
channel therefore, fully developed flow was confirmed at the centre of the channel 
where all data were recorded (500μm from the channel inlet). A segregated flow solver 
was employed with the velocity and pressure Under-Relaxation factors set to 0.8 and 
0.2 respectfully. The residuals (Continuity, X, Y and Z momentum) were monitored 
until a maximum value of 1x10
-4
 was reached to confirm convergence of the solution.  
A comparison of the CFD simulations to the predictions obtained by using Poiseuille 
flow theory is shown in Figure 3 - 2. As expected, the CFD predictions were in good 
agreement with theory, an average percentage difference of 1.4% and 1.3% was found 
between the circular and square microchannels respectively. The centre of the square 
microchannel provides a good approximation of the flow along the centre of the circular 
microchannel, thus, providing a good prediction of the flow behaviour in the centre of a 
lymphatic. All experimental measurements were recorded at the centre of the 
microchannel at a depth of 50μm in this study, as illustrated in Figure 3 – 2 (b). 
However, differences arise when the flow profile is examined in areas other than the 
centre of the square and circular microchannels due to the geometric effects.  




Figure 3 - 2:  (a) Comparison of the flow profiles obtained from the centre of both a circular channel 
(blue markers) and a square channel (red markers) to the theoretical predictions (solid lines). (b) An 
illustration of the cross sections of both channels showing the lines probes that are plotted in (a). All line 
profiles were obtained at the centre of the channel, at a depth of 50µm (y = 0.5W). All values shown have 
been normalised by dividing by the maximum velocity value and channel width respectively. 
 
It should be noted that the coordinate system illustrated in Figure 3 – 2 is the coordinate 
system that was used for the remainder of this study (excluding Chapter 5 which has 
been published in Biomicrofluidics).  Figure 3 - 3 illustrates a number of flow profiles, 
at four different depths (in the y direction illustrated in Figure 3 – 2 (b)), in both the 
circular and square microchannels. The difference between the flow profiles becomes 
more pronounced in the near-wall region, Figure 3 – 3 (a). Therefore, the forces acting 
on BCCs in the near-wall region in a square microchannel are different to the 
corresponding Poiseuille flow assumption in circular microchannels. However, the 
information obtained from these models is required to develop an experimentally 
validated numerical model of large particles flowing in response to lymphatic flow 
rates. The information gathered from this research can then be used to further progress 
the numerical model to include flow in a circular microchannel to move towards the 
development of a physiological relevant model of lymph flow in a lymphatic. The next 
section of this Chapter highlights the various forces which particles/BCCs are subjected 
to in these confined flow conditions. 




Figure 3 - 3: Flow profiles across both the circular (blue circle) and square (red square) microchannels 
obtained at the centre of the microchannels at four different depths (y direction); (a) y = 0.15W, (b) y = 
0.25W, (c) y = 0.4W, and (d) y = 0.5W. 
 
3.1.3 Confined Particle Flow 
Particles flowing in a microchannel experience drag and lift forces that result in 
complex behaviour: where particle velocities may lag or exceed the undisturbed flow 
velocity, and migrate to different equilibrium positions across streamlines. Both shear 
stresses and normal stresses acting over the particle surface result in forces acting 
parallel (drag forces) and perpendicular (lift forces) to the main flow. Particles flowing 
in a microchannel are subjected to four lateral forces, and a viscous drag force along the 
axis. The drag force, Fdrag, on a moving spherical particle, when 10
-4
 < Rep < 0.2, can be 
expressed as: 
3drag p tF d v     (3-9) 
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where dp is the diameter of the moving particle and vt is the relative velocity of fluid to 
particle. The four main lateral forces are; the Magnus lift force due to slip-rotation, the 
Saffman force due to slip-shear, the wall induced lift force and the shear gradient lift 
force. The Magnus force can be considered as a result of the pressure difference induced 
by the streamline asymmetry due to the rotation of the particle. For a rigid sphere 
rotating in a fluid, the Magnus lift force, Fmagnus, is defined by; 
31 ( )
8
magnus p f f pF d u u         (3-10) 
where 𝑢𝑓⃗⃗⃗⃗  is the fluid velocity, 𝑢𝑝⃗⃗ ⃗⃗  is the particle velocity, and Ω⃗⃗  is the angular velocity. 
The direction of the Magnus lift force is perpendicular to the plane defined by the 
vectors of the relative velocity and the axis of rotation.(Matas et al, 2004).  
The existence of the channel walls creates a fluid velocity gradient (shear rate) and the 
corresponding shear-induced particle rotation. The extra drag caused by the walls makes 
the particle lag behind the fluid. This slip-shear motion generates a lateral force on the 
particles, known as the Saffman force, and unlike the Magnus force it is independent of 
particle rotation (Matas et al, 2004). 
Additionally, the flow field around the particle is disturbed by the presence of the walls. 
The net force on a particle near the channel wall differs from that of a particle in an 
unbounded flow. In general, the effect of channel walls on a moving particle is to retard 
the motion of the particle in both parallel and perpendicular directions, particularly 
when the characteristic dimension of the particle is of the order of the dimension of the 
channel. The walls provide a physical constraint to the flow and as a general rule the 
particles move close to the centreline of the channel.  
The shear gradient arising from the parabolic velocity profile induces inertial lift forces 
that cause the particles to migrate towards the channel walls, Fshear gradient, as illustrated 
in Figure 3 - 4. As the particles migrate near the channel walls they are repelled away 
towards the centre of the channel due to the wall induced lift force, Fwall. These two 
forces are regarded as the dominant effects for the lateral migration of particles, as the 
Magnus lift force and Saffman force are often very small and are neglected. 
 




Figure 3 - 4: Illustration of forces acting on a particle in Poiseuille flow. In the moving frame with the 
particle, the relative velocity of fluid to particle is larger on the wall side due to the parabolic fluid 
velocity profile. 
 
Through the method of matched asymptotic expansions, Asmolov derived an analytical 
expression of the net inertial lift force (FL) acting on a small rigid sphere in a Poiseuille 
flow when the ratio of the particle diameter (dp) to the channel height (h) is much 









     (3-11) 
where fL is the lift coefficient. The lift coefficient fL is a function of the particle lateral 
position and Rec. Although the lift coefficient varies with Rec, at Rec < 100, typical for 
most microfluidic applications, the lift coefficient remains relatively constant and can be 
approximated as fL = 0.5 (Zhou and Papautsky, 2013).  
For finite-sized particles (0.05 ≤ dp/h ≤ 0.2), such as the particles used in this study, the 
particle causes disturbance to the main flow. Di Carlo et al. calculated the inertial lift 
forces through finite element simulation, taking into account the finite-size effects of the 
suspended particles (Di Carlo et al., 2009). The net force was scaled near the channel 
centre and channel wall, respectively. Near the channel centre, where the effects of the 







      (3-12) 









     (3-13) 
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These nonlinear effects, which are apparent in highly confined flows (when the particle 
size approaches the channel size), reveal complex dynamics which effect particle 
migration, and scale differently depending on the particle and channel geometry. 
Therefore, previous theories based on analytical models assuming small dp/h for this 
kind of situation may have to be revisited (Di Carlo et al., 2008).  Besides the size and 
shape of the particle, deformability also affects its behavior in confined channel flow. 
Rigid particles are a simple model for the study of the hydrodynamic behavior of 
particles in microchannels. However, in vivo, this is not the case; bio-particles such as 
cells, are not rigid but are deformable. The deformability of BCCs has been correlated 
to their metastatic potential, with metastatic BCCs showing a greater reduction in 
structural strength than non-metastatic BCCs. The optical deformability of MDA-MB-
231 and MCF-7 BCCs was found to be 33.7±1.4 and 21.4±1.1 respectively (Guck et al., 
2005). The deformability will induce additional lift forces on the particles and this flow 
induced deformation of cells is an important process in micro-scale flows. The 
deformability-induced lift force is perpendicular to the main flow, and it is believed to 
be caused by the effects of shape change of the particle and nonlinearities caused by the 
matching of velocities and stresses at the deformable particle interface (Zhang et al., 
2016). Thus, a complicated relationship exists between the forces a particle (rigid or 
deformable) experiences and the flow conditions it is subjected to in highly confined 
geometries.  
3.1.4 Governing Equations 
The computational domain has three main laws that govern the flow; the continuity 
equation, the NSE for the conservation of momentum and the conservation of energy. 
These mathematical equations describe the fundamental physical principles under which 
fluid flow exists. The conservation of energy equation will not be addressed as no 
thermal or chemical reactions are investigated in this study and the fluid is considered 
incompressible.  
The conservation of mass equation states that for an incompressible steady flow the 
mass entering a control volume is equal to the mass leaving the control volume. This 
equation is also known as the continuity equation, it is represented in Cartesian form by: 




    
  
  
    (3-14) 
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where u, v and w are the velocity components with coordinates x, y and z, and ρ is the 
density. This equation can be written in vector notation and reduces to the following 
volume continuity equation when the flow is incompressible: 
. 0u        (3-15) 
The conservation of momentum can be derived from the Newton’s second law of 
motion, which states that the rate of change of momentum equals the sum of the forces 
on a fluid particle. The NSE describes this balance of momentum and the three-
dimensional viscous nature of fluid motion in a control system using the following set 
of equations (MacDonald et al., 2008): 
2 2 2
2 2 2x
p u u u u u u u
g u v w
x x y z t x y z
  
          
          
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  
          
          
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          
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  (3-16) 
where g is gravity, and µ is the viscosity of the fluid. The fluid mechanics of flow in the 
lymph system are described by these equations. In this analysis the governing equations 
were solved by the CFD solver to provide a representation of the entire flow field.  
3.1.5 Lymph Flow Characteristics 
The wide variation in lymphatic contraction activity in vivo results in very complex 
flow behaviour in the lymphatics. Modelling this behaviour accurately is a difficult and 
computationally expensive task. Due to the lack of information available on the flow 
behaviour of BCCs in the lymphatic flow environment, and as with every modelling 
study, a number of assumptions were made in this analysis. A laminar flow model was 
used in this investigation and the laminar characteristic of the flow was verified by 




       (3-17) 
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Where ρ is density, u is velocity, d is the hydraulic diameter of the channel, defined as d 
= 2hw/(h + w), and μ is viscosity. The flow will remain laminar when the Rec has a 
value below 1500 (Munson, 1998), above this value is a transitional flow range, where 
the flow changes from laminar to turbulent. Flow above Rec = 2300 is deemed turbulent 
flow. Due to the tiny vessels and low flow rates present in the collecting lymphatics the 
Rec remains below 5, a highly laminar flow.  
The flow was assumed to be fully developed and parabolic in profile. The distance from 





      (3-18) 
The entrance length in small collecting lymphatics with a Rec of approximately 0.1 is 
less than 1µm, thus, the flow will always be fully developed.  
In this study, the flow was modelled as a viscous, incompressible flow in a rigid walled 
structure. Lymph consists mainly of interstitial fluid which has a composition very 
similar to water. A range of values are cited (0.9-1.5mPas) for the dynamic viscosity of 
lymph (Dixon et al., 2006; Rahbar and Moore Jr, 2011; Kassis, 2012). In this study the 




3.2 Determination of Numerical Methodology 
Numerical techniques are used to analyse and solve the governing equations of fluid 
dynamics to determine information on different variables at specific locations within the 
flow field. This section describes briefly the initial numerical work that was carried out 
to validate the use of the CFD methods employed in this study. The ability of the CFD 
models to predict the flow behaviour in microchannels was compared to the theoretical 
solutions. The outcome of this investigation resulted in the chosen numerical method 
that was employed for the remainder of this study. All CFD models were created and 
run using STAR CCM+ (Version 11.06.010). 
Modelling particle flow can be categorised into two approaches; the continuum 
approach at a macroscopic level and the discrete approach at a microscopic level. In the 
continuum approach, both fluid and solid phases are treated as a continuous media. This 
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Eulerian continuum approach results in field equations for the flow properties for all 
phases in the system, it also leads to unknown terms representing the interactions 
between the phases. The discrete approach is based on the analysis of individual particle 
motion. Research has shown that the most common and efficient approach for 
simulating particulate flows is to use the continuum theory (Eulerian approach) that 
views the solid and the liquid as interpenetrating mixtures (Gidaspow, 1994; Reddy and 
Joshi, 2009). However, using this approach leads to unknown terms and the nature of 
detailed fluid-particle interaction and particle-particle interaction cannot be understood 
from the application of mixture theories alone. Flow induced deformation of cells is an 
important process in micro-scale flows. A correct perception of the forces acting on 
BCCs in the lymphatics is essential to accurately predict their behavior. The key issue is 
that when BCCs travel in lymph both the hydrodynamic and fluid-cell interaction forces 
are of importance and need to be modelled. Two way coupling needs to be employed in 
this study as the BCCs are influenced by the flow field itself and can in turn influence 
the flow field due to their large size in comparison to the vessels they travel in. 
3.2.1 Lagrangian Multiphase Model 
The Lagrangian Multiphase model is a numerical method that describes the motion of a 
number of discrete objects interacting with a fluid continuum. This model solves the 
equation of motion for representative parcels of the dispersed phase as they pass 
through the system. It is intended for systems that consist mainly of a single continuous 
phase carrying a relatively small volume of discrete particles. The continuous phase is 
modelled using an Eulerian formulation where the fluid’s properties are found at fixed 
points throughout the fluid domain. For flows involving a small number of dispersed 
phases, the governing equations are solved for every particle, but if the number of 
dispersed phases is large, a smaller number of computational parcels represent the total 
number of dispersed phases. In the Lagrangian model the particle’s behaviour is 
governed by physical conservation laws, however, individual particles are not tracked, 
and instead a single parcel is tracked which represents a number of particles at some 
mean centroid. It is assumed that the velocity of the parcel is the same as its constituent 
particles. This model was employed to simulate the flow of 0.5µm particles in distilled 
water to validate its ability to predict the particle’s behaviour.  
A model of the microchannel used in the experiments was generated using the 3D CAD 
generator in the Star CCM+ and a directed meshing approach was employed. The 
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physics of the numerical model are detailed in Table 3 - 1. A separate Lagrangian phase 
was created to model the particles and one way coupling was employed as the 
concentration of the particle phase was very dilute (< 10% by volume). Under such 
conditions, modelling complexity is significantly reduced as solution of the fluid field 
can be decoupled and obtained prior to the introduction of the particle phase. 
 
Table 3 - 1: Summary of the physics values applied to the Lagrangian multiphase model. 
Physics Model  Selection 
Equation of State Constant Density  
Gradients Metric Gradients 
Time Implicit Unsteady 
Physics Model Lagrangian Multiphase 
Viscous Regime Laminar 
Material Liquid 
Flow Segregated Flow 
Space Three Dimensional 
 
A uniform steady inlet velocity profile was defined at the channel inlet, a static pressure 
condition at the outlet of the channel, and a no-slip boundary condition was defined at 
the channel walls. The particles were defined as solid, spherical, material particles with 
a constant density of 1050kg/m
3
. Material particles have mass and volume, and physical 
conservation laws govern their behaviour. The particles were set to rebound off the 
channel walls to prevent particles from exiting the domain. Rebounding particles remain 
active in the simulation, but with their velocity modified according to restitution 
relationships. The rebound velocity is determined by the normal and tangential 
restitution coefficients. A constant value of 1 was used for both coefficients in this study 
due to the laminar nature of the flow.  
An injector was created, using the channel inlet, to define the initial conditions of each 
particle and how they are introduced into the channel, based on the geometry of the 
inlet. A time step of 0.01s was set in the implicit unsteady solver. Decreasing the time 
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step value to 0.001s resulted in less than 2% difference in velocity values. Therefore, a 
time step of 0.01s was employed. The velocity and pressure Under-Relaxation factors 
were set to 0.8 and 0.2 respectfully. The maximum inner iterations were set to 5; this 
was the number of inner iterations to be run at each physical time step. Once this value 
was reached the implicit unsteady solver advanced the solution to the next time step. 
The residuals were monitored until a maximum value of 1x10
-4
 was reached to confirm 
convergence of the solution.  
Figure 3 - 5 illustrates the Lagrangian particles flowing within the channel, as expected 
the fastest particles (red) are at the centre of the channel while the slowest particles 
(blue) are located near the walls. Figure 3 - 6 illustrates the results of the Lagrangian 
simulation compared to the fluid only simulation and the theoretical prediction. 
 
 
Figure 3 - 5: Illustration of the Lagrangian particles flowing in the microchannel. The flow direction is 
from left to right as shown. 
 




Figure 3 - 6: Comparison of the flow profiles of 0.5µm particles to the fluid only model and Poiseuille 
flow predicted from theory. All line profiles were obtained at the centre of the channel, at a depth of 
50µm. 
 
Good agreement is found between the results (< 1% average difference). As expected, 
the 0.5µm particles were found to faithfully follow the flow, in agreement with previous 
work (Lima et al., 2006). For the case of the 0.5µm particles this type of model is 
suitable however, to model the behaviour of larger particles such as BCCs, a number of 
issues arise. An issue with using the Lagrangian multiphase model is that information 
on the distribution of the dispersed phase in a parcel cannot be obtained and additional 
methods, such as the Discrete Element Method (DEM) must be employed to obtain 
more detailed resolution. 
3.2.2 Discrete Element Method (DEM) 
DEM simulates the mechanical forces that particles experience when in contact with 
each other and their surroundings and it can provide dynamic information, such as the 
trajectories and transient forces acting on individual particles. The motion of discrete 
particles is described by DEM on the basis of Newton’s law of motion applied to 
individual particles, and the flow of continuum fluid by traditional CFD methods based 
on the local averaged Navier-Stokes equations (Zhu et al., 2007). DEM has been 
coupled with CFD to simulate particle-fluid flows such as pneumatic conveying and 
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fluidization. The basic principles governing DEM particles are the same principles that 
govern Lagrangian particles, with the main difference being the consideration of the 
body force due to contact in the DEM. It is an extension of the Lagrangian modelling 
methodology to include dense particle flows, the Lagrangian phase represents solid 
particles and the DEM models the particle behaviour within the simulation. However, 
when using DEM, a coarser mesh is used than in usual CFD simulations because if a 
particle is in a small computational cell and occupies most of its volume, it can cause 
high void fractions and thus, solver instability. The mesh becomes a limitation when the 
simulation is two-way coupled, ideally the particles should be smaller than the 
computational cells. Therefore, using DEM particles coupled with the Lagrangian 
model in this investigation was not a viable option when modelling large 
particles/BCCs in confined flow. An alternative approach using the Dynamic Fluid 
Body Interaction (DFBI) method, coupled with an overset meshing strategy, was then 
investigated.  
3.2.3 Dynamic Fluid Body Interaction (DFBI) Method 
DFBI is the process by where rigid-body motions are calculated as a response to 
computed forces on a specified body due to some or a combination of the following; its 
mass in a gravitational field, moments of inertia, forces due to integrated fluid pressure, 
specified forces and moments, and reaction forces due to body couplings. DFBI 
calculates the resultant force and moment acting on a body due to all influences, and 
solves the governing equations of rigid body motion to find the new position of the rigid 
body. For rigid bodies, it is sufficient to model the motion of the center of mass of the 
body alone. The relative motion of any other part of the body can be extrapolated from 
this center of mass.  
The solver that calculates the DFBI motion of the body does so in all six degrees of 
freedom (6-DOF), characterized by three translations and three rotations about the 
centre of mass of the body. The forces and moments acting on the 6-DOF body are used 
to calculate the translational motion of the centre of mass of the body and the angular 
motion of the orientation of the body. The resultant force and moment acting on the 
rigid body are obtained from the fluid pressure and shear forces acting on each 
boundary face of the body. The 6-DOF solver can be used in conjunction with the 
overset mesh, which allows the computational domain to move in any of the 6-DOF, 
allowing the numerical simulation of rigid body motion in a fully-coupled manner with 
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the flow solver. In the context of this study, the rigid body refers to the particle which 
must be surrounded by an overset mesh, which follows the particle’s motion as it travels 
through the flow domain, which is enclosed in a background mesh, as illustrated in 
Figure 3 - 7.  
 
 
Figure 3 - 7: Illustration of the 6-DOF body (particle) surrounded by an overset mesh (red mesh), 
contained within the background region mesh (black mesh) which encompasses the entire solution 
domain. 
 
Due to the highly dynamical interaction between BCCs and lymph, the flow is classified 
as strongly two-way coupled and the local flow behavior depends greatly on the BCC 
motion. Because of this, the DFBI method was employed for this study to analyze the 
behavior of an idealized BCC (rigid spherical particle) under confined flow conditions.  
3.3 Summary  
In summary, the theory behind particle flow in microchannels, including a detailed 
description of the types of forces particles are subjected was presented in this chapter. A 
comparison of the flow profiles present in circular and square channels, at different 
locations in the channel, was presented. The governing equations of fluid flow and the 
rationale behind the assumptions made for the numerical models were stated and a 
description of the investigation that was carried out to identify a suitable CFD model for 
the analysis of large particle advection in confined flow was summarised. The ensuing 
chapter describes the experimental and numerical methodologies employed during the 
course of this investigation. Details of both the experimental system and the numerical 
model generation process are discussed in detail. 
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Experimental and Numerical Methods 
4.1 Introduction 
The experimental and numerical methods that were employed to investigate the flow 
behaviour of BCCs and particles in a microchannel are described within this chapter. 
The numerical simulations were performed using the commercially available software 
STAR CCM+ Version 11.06.010 (CD-adapco, Melville, NY). Due to the high level of 
computational requirements of the models the supercomputer facilities of the Irish 
Centre for High End Computing (ICHEC) were utilised. The grid independence analysis 
that was carried out to validate the accuracy of the simulations is also described.  
4.2 Development of Experimental System 
4.2.1 Microfluidic Device 
In this study straight square microchannels of 100μm diameter with lengths of 58.5mm 
were used (Microfluidic Chipshop, Stockholmer, Germany), illustrated in Figure 4 - 1. 
A topas channel was used for the BCCs and both topas and polymethylmethacrylate 
(PMMA) channels were used for the particles. The channels were made from two 
different materials due to issues that arose from the cleaning process associated with 
testing the BCCs. The use of the different channel materials was found to have no effect 
on the particle results. A square microchannel was chosen to minimise possible 
refraction of the laser beam at the walls of the microchannel, and to avoid the need for 
index matching to locate the particles accurately within the channel.  
 
 
Figure 4 - 1: A microfluidic chip containing four square 100µm microchannels which were used in the 
experiments shown to scale. 




4.2.2 Particle Suspension 
To evaluate the performance of the experimental system the flow through the 
microchannel was measured by seeding distilled water with 0.5µm red fluorescent solid 
spherical polymer particles (FluoSpheres® Polystyrene Microspheres, Dublin, Ireland). 
The particles absorb green light (absorbance peak 580nm) and emit red light (emission 
peak 605nm). The effect of Brownian motion was deemed negligible as a result of 
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      (4-1) 
Where de is the image diameter of particles, M is the magnification, β
2
 is a constant of 
value 3.67, D is diffusivity and Δt is the time between two lasers pulses. The constant β
2
 
is derived from the work carried out by Adrian and Yao (Adrian and Yao, 1985) and the 





       (4-2) 
Where k is the Boltzmann’s constant (1.3806488x10
-23
J/K), T is the absolute 
temperature, and dp is the diameter of the particle (Zhang et al., 2016). Li and Olsen 
state that the effect of Brownian motion on the measured velocity can be ignored if the 
Brownian motion coefficient is greater than 0.9988 (Li and Olsen, 2006). A Brownian 
motion coefficient value of 0.9999 was calculated for the 0.5µm particles, therefore, 
Brownian motion has a negligible effect in this study. 
Due to the size difference between BCCs, a range of particle sizes were chosen for 
testing, summarised in Table 4 -1. These particle sizes were chosen to correspond to the 
cell sizes seen in the lymphatics in vivo (Dixon et al., 2006). An example of the 
particles fluorescent spectra can be seen in Figure 4 – 2. The particles were mixed at a 
0.08% wt fraction in distilled water, with 1vol% of Tween-20 surfactant (Sigma-
Aldrich, Dublin, Ireland) added to the solution to prevent particle aggregation. The 
dynamic viscosity and density of distilled water are 1mPas and 1000kg/m
3
 respectively. 





Figure 4 -  2: Fluorescent spectra for the (a) 0.5µm particles and (b) the 5.2µm and 10.22µm particles 
adapted from (LifeTechnologies, 2015, Microparticles, 2016). 
 
Due to the slight density difference between the particles and distilled water, a 
percentage of glycerol (22% for the 5.2 and 10.22µm particles and 34% for 27-32µm 
particles) was added to the solutions so that the particles would be neutrally buoyant. 
The particle diameters (dp) were non-dimensionalised by dividing by the channel width 
(W) such that η = dp / W = 0.05-0.32 for the range of particles tested. 
  
Table 4 - 1: A summary of the various properties of the particles that were used in the experiments. 












0.5 1050 580 605 1.5 x 10
-8 
5.20 1050 535 607 1.6 x 10
-6
 
10.22 1050 535 607 6.1 x 10
-6
 




4.2.3 Breast Cancer Cell Suspension 
In this investigation, two types of BCC lines were investigated; MCF-7 cells and MDA-
MB-231 cells. The BCCs were maintained in Dulbecco’s Modified Eagle’s medium 
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) (Sigma Aldrich, Dublin, 
Ireland) and 1% Penicillin/Streptomycin (Sigma Aldrich, Dublin, Ireland) in a T-flask 
in an incubator kept at 37°C and 5% CO2. Cell viability was determined by trypan blue 
staining after dislodging the cells from the flask by trypsinization and the cell number 
was counted using a haemocytometer. As the cells have adherent culture properties, 




they are treated with trypsin to separate the adherent cells from their culture substrate 
and from each other (Sigma-Aldrich, 2013). The cell culturing work was carried out by 
researchers in Stokes Laboratories and The Graduate Entry Medical School (GEMS) in 
the University of Limerick.  
Prior to testing the cells were fluorescently labelled using CellTrace
TM
 Yellow (Bio 
Sciences, Dublin, Ireland) before preparing the cell suspension. Following initial 
experiments it was discovered that the BCCs adhered to the channel walls, as a result a 
solution called Percoll (Sigma-Aldrich, Dublin, Ireland) was added to the BCC 
suspension (Stokes Laboratories, 2016). Percoll density matches the BCCs to the media 
they are suspended in, thus, reducing the effects of cell adherence. A 2-5ml solution 
with a concentration of 500-1000 cells/µL was used for all experiments. The viscosity 
of the solution was calculated using the viscosity blending equation (Bloomfield and 
Dewan, 1971); 
1 1 2 2ln %ln %lnT vol vol        (4-3) 





 fluid component respectively and μ1 and μ2 are the viscosities of the 
two fluids. 
4.2.4 Experimental Apparatus  
The experimental system developed for this study, which consists of a high speed 
digital camera (Imager LX, LaVision, Germany) connected to an inverted microscope 
(IX71; Olympus, Tokyo, Japan), is shown in Figure 4 - 3. A timing unit (PTU) was used 
to control the timing of the laser pulses and the exposure of the camera so that images of 
the flow could be obtained. The microchannel was placed on the stage of the inverted 
microscope and the flow rate of the working fluid was kept constant using a syringe 
pump (Harvard Apparatus, Holliston, MA, USA). A 1mL glass syringe (Sigma Aldrich, 
Wicklow, Ireland) was connected to the channel via tubing. The microchannel was 
illuminated by dual Nd: YAG laser pulses (New Wave Research, UK) at a wavelength 
of 532nm through an objective lens of 20X magnification (M) and a numerical aperture 
(NA) of 0.5. This objective lens provided a depth of focus value of 3.16µm. 
 





Figure 4 - 3: Experimental set-up used for the microfluidic experiments, which consists of a high speed 
camera system connected to an inverted microscope with illumination provided by a double pulse Nd: 
YAG laser (532nm). 
 
Upon entering the microscope the laser beam travels through a number of filters, which 
are arranged together in a specific arrangement in a filter cube. The excitation filter has 
a centre wavelength of 536nm, the dichromatic mirror reflects light below 573nm and 
transmits light above 573nm and the emission (barrier) filter transmits light above 
607nm. 
The observed length of the microchannel was approximately 500μm. Lymphangions in 
vivo vary in length up to 3.2mm (Davis et al., 2012; Margaris and Black, 2012).  
4.2.5 Image Acquisition  
µPIV imaging techniques were employed using the DaVis image acquisition software 
(LaVision Ltd, Germany) to capture images of the flow (distilled water seeded with the 
0.5µm particles) for validation. This involved taking two successive recordings, 
separated by a time interval, to obtain information on the positions of the particles at the 
instants of the respective recordings. With the known time interval between the two 
successive recordings the velocity was determined. Images were captured with a 
resolution of 1608 x 568 pixels, 12-bit greyscale, with a time delay of 2000-5000µs, 
depending on the flow velocity, between frames.  
For the large particles and BCCs, particle tracking techniques were employed to 
determine their flow behaviour, as the usual flow tracing capabilities of µPIV were not 
suitable. A series of 500 single frame images were captured at a rate of 15Hz. The 
bottom wall of the channel was located using the focusing dial of the microscope and 




defined as the zero position in the y direction. The fine-focusing dial was then used to 
scan up 50µm to locate the centre of the microchannel (y = 0.5W); all measurements 
were recorded at this depth. The location of both walls in the lateral (x) direction were 
then set to x = 0 and 100µm respectively, as illustrated in Figure 4 - 4. The image series 
were then processed and analysed using particle tracking techniques.  
 
 
Figure 4 - 4: Illustration of η = 0.1 particles in the microchannel with the channel walls highlighted.  
 
4.3 Image Processing 
A combination of image processing techniques was employed in this study using a 
DaVis (LaVision Ltd, Germany), and ImageJ (National Institute of Health, MD, USA). 
The µPIV images were processed using DaVis, (Version 8.3). The series of image pairs 
were spatially cross-correlated to calculate the velocity vectors of individual particles. 
In brief the cross correlation method is a statistical analysis that determines the average 
fluid displacement by comparing the position of the particles within a defined 
interrogation area in two consecutive images. A multi-pass, square correlation window 
with decreasing size, from 64x64 to 32x32 pixels was used. Using a multi-pass 
interrogation algorithm, with a 50% overlap, it was possible to obtain the corresponding 
velocity fields. A 50% overlap was used as this figure is commonly used to improve the 
processing speed and enhance efficiency (Roth and Katz, 2001; Kvon et al., 2014).   
For laminar, steady flows, the velocity field does not change with time, so that the 
position of the correlation peak corresponding to the particle displacement does not 
change for µPIV images taken at different times. However, the lower sub-peaks, 
resulting from noise and mismatch of the particle images which are randomly scattered 
in the correlation plane, vary in different image pairs. By acquiring a substantial amount 
of image pairs, calculating their individual correlation functions, and then ensemble 




averaging the correlation functions for corresponding interrogation windows in the 
individual µPIV recordings, the true displacement peak remains in the same position, 
while the randomly scattered sub peaks average to zero. A total of 500 image pairs were 
used in this analysis to acquire the results to validate the experimental system.  
To eliminate background noise and remove non-uniform illumination, background 
subtraction was carried out. A pre-processing filter was used to remove the image 
background noise by subtracting the local minimum from each pixel in the image. An 
example of the background subtraction results can be seen in Figure 4 - 5.  
 
 
Figure 4 - 5: (a) Raw image of 0.5µm particles in microchannel, (b) Image of the particles after the 
background subtraction process has been applied. 
 
Particle Tracking Velocimetry (PTV) techniques were employed using ImageJ to 
analyse the large particles and BCCs as the usual flow tracing capabilities of µPIV were 
not suitable due to the large size of the particles and BCCs. PTV differs from µPIV in 
that, instead of cross-correlating between interrogation windows, individual particles are 
identified and tracked from image to image. µPIV requires 6–10 particle images in one 
interrogation window to resolve one reliable velocity vector, while PTV produces a 
velocity vector from each particle image. The image series were converted to 8-bit 
grayscale, when imported for analysis; this significantly reduced the processing time 
and necessary computational resources. To acquire the position of the particles/BCCs 
in-plane (x-z direction) the centre of mass of the fluorescent object was located and 
related to the zero position located at the channel wall. The BCC sizes recorded were 
measured using the largest diameter of the cell and the centre of mass of the cell was 
tracked to define its position. Due to the large size of the particles/BCCs investigated, 
both in and out-of-focus particles/BCCs were recorded in the image series.  




Focused particles have a well-defined outline, with a diameter close to the actual 
diameter (±10%), while out-of-focus particles have a blurred outline due to the wider 
intensity distribution, which depends on their distance from the focal plane (Winer, 
Ahmadi and Cheung, 2014). The images series were converted to grayscale (0-256) 
using ImageJ and three criteria were defined to identify in-focus particles for analysis. 
The imaged spot diameter was set to ±5% the particle diameter, corresponding to depth 
range of ±0.25-1.5µm for the particles, the minimum mean intensity value of the 
fluorescent spot was defined (110 for the η = 0.05 and 0.1 particles and 160 for the η = 
0.3 particles) and thirdly, only spots that contained a well-defined outline were used for 
analysis (Kim and Yoo, 2008). Figure 4 – 6 illustrates examples of both in focus and 
out-of-focus η = 0.1 particles in the microchannel.  
 
 
Figure 4 - 6: An example of in-focus and out-of-focus η = 0.1 particles flowing within the microchannel. 
 
The depth wise measurement uncertainty increases with regards to defining the BCC 
location due to various shapes and sizes of the BCCs. The BCC sizes recorded were 
measured using the largest diameter of each individual cell, which was determined 
following observation over ~500µm to factor into account the rotation of the BCCs, and 
the centre of mass of the fluorescent cell was identified and tracked to define its 
position. Figure 4 – 7 illustrates a sample image of a single BCC and a BCC aggregate 
within the channel. The minimum mean intensity value of the BCCs was set to 160 in 
ImageJ to define in focus BCCs. This value was determined based on experiments 
carried out on static BCCs (located in a drop of media between two glass slides). 
Images of the BCCs were obtained at various depths by altering the vertical location of 
the microscope objective and their corresponding intensity distributions were recorded. 
Additionally, to ensure confidence in the measurement method, the depth of focus was 
increased to 7.52µm by adjusting the optics of the experimental set-up. A 10X/0.3NA 




objective was used and additional experiments were carried out on the BCCs, using the 
same conditions as above. The BCC behaviour was found to be consistent as no 
difference was found in the results at the two magnifications. 
 
 
Figure 4 - 7: Image of a single MCF-7 BCC and a MCF-7 aggregate within the microchannel. The 
measured diameters are highlighted by the red outline. 
 
BCCs/particles were identified and tracked over multiples frames and their trajectories 
were reconstructed by assigning it an identity over these frames, in the shape of a track, 
illustrated in Figure 4 - 8. These tracks were then visualized and analysed such that the 
velocity, total displacement, etc. was obtained. The velocity and location of the particles 
and BCCs was then averaged across the channel width in 10µm intervals. These average 
values were then used to compare both the particles to the BCCs and the experimental 
results to the numerical simulations.  
 
 
Figure 4 - 8: Sample image of the η = 0.1 particles flowing from left to right in the microchannel in 
ImageJ. The coloured lines indicate particle velocities and trajectories.  
 
An example of the data for the η = 0.1 particles and the MCF-7 BCCs can be seen in 
Figure 4 – 9 and Figure 4 – 10 respectively. The BCCs were stratified into single cells 
and cell aggregates so that a comparison between their behaviour could be carried out. 




All profiles were acquired at the centre of the channel at a depth of 50µm and all 
velocities and positions are normalized by dividing them by the maximum flow velocity 
and the channel width respectively. 
The distribution of the particles and BCCs across the channel width was also 
investigated to determine if migration occurred at low Rec (Rec = 0.02 – 25). The 
particles and BCCs were identified in the image series and their positions were 
recorded. The location of the particles and BCCs was then averaged over 10µm 
intervals, similar to the methods discussed above. This allowed the analysis of the 
migration behaviour of the particles and BCCs. All data was recorded at the centre of 
the channel, approximately 29mm from the inlet of the channel, at a depth of 50μm. It 
should be noted that the equilibrium positions of the particles and the BCCs presented 
in this study may not represent the final equilibrium positions, further migration may 
occur at locations distal to this point. However, the focus of this study was not final 
migration positions of particles but particle distribution at low Rec flows. The distance 
observed in these experiments is representative of the length of a typical lymphangion.  
 
 
Figure 4 - 9: The flow behaviour of the η = 0.1 particles subjected to a flow rate of 0.233µL/min.
 
The 
error bars denote the standard deviation of the ensemble over which the averaging was performed. 





Figure 4 - 10: Comparison of the flow behaviour of the single MCF-7 BCCs and the MCF-7 aggregates, 
subjected to a flow rate of 0.233µL/min. The errors bars denote the standard deviation of the ensemble 
over which the averaging was performed. 
 
In summary, the experimental system and methods discussed here were employed to 
analyse and present the experimental data that is reported in Chapter 5 and Chapter 6 of 
this thesis.  
4.4 3D Numerical Modelling 
This section details the methods employed for the 3D numerical analysis of the 
advection of large particles in a microchannel. The steps taken to create and run the 
simulations using the DFBI method are discussed in depth.  
4.4.1 Model Generation and Boundary Conditions  
In this investigation, each model was created in the 3D-CAD model generator in Star 
CCM+. Sketches of both the channel and particle geometry were created and 
extruded/revolved, where required, in order to create the model. Although the actual 
length of the microchannel used in the experiments was 58.5mm, a length of 500µm 
was chosen for the numerical models as this was the approximate channel length visible 




in the experiments. Additionally, the entrance length for flow in the microchannel was 
insignificant (Le < 1µm) with respect to the length of the channel.  
Two regions were created, a background region containing the flow domain (channel) 
and a separate overset region, surrounding the body of interest (particle), as illlustrated 
in Figure 4 - 11. All dimensions have been normalised by dividing by the channels 
characteristic length (100µm). The size of the square overset region depended on the 
size of the particle within it. The length of the overset region was always 40µm greater 
than the diameter of the particle in all directions. This is the area in which the data is 
solved between the two meshes as the particle moves through the channel. The initial 
origin of the particle centre (in relation to the coordinate system illustrated in Figure 4 - 
11), and hence the overset region, was set to [0.5, 0.5, 0.3]. The particle origin in the y 
direction was varied depending on the particular model.   
 
 
Figure 4 - 11: Three-dimensional model of the microchannel with a particle (η = 0.3) located at a starting 
location of [0.5, 0.5, 0.3] with the overset region (area = 0.7 x 0.7 x 0.7) surrounding it from (a) the front 
view of the channel and (b) the side view. All dimensions have been normalised by dividing by the 
channel width (100µm). 
 
The fluid was assumed to be an incompressible single component Newtonian fluid with 
a density of 1000kg/m
3
 and a viscosity of 1mPas, corresponding to the values of lymph 
reported in the literature (Wilson et al., 2013; Jafarnejad et al., 2015). A steady uniform 
inlet velocity profile, with a mean value of 388µm/s, which corresponds to the Rec of 
0.04 used in the corresponding experiments, was defined at the channel inlet. A pressure 
outlet boundary condition was defined at the channel outlet and the walls of the channel 
were set to a no-slip boundary condition. 




4.4.2 Mesh Generation  
An overset meshing strategy was employed so that the particle, whose motion is 
determined by applied fluidic forces, could be tracked as it travelled in the channel. The 
mesh had a background mesh enclosing the whole simulation domain and a separate 
overset mesh enclosing the particle. Each region in the model was meshed separately 
and the outer boundary of the overset region was set to overset mesh interface to couple 
the overset region with the background region. The two regions overlap, therefore, an 
overset mesh zero gap interface was created so that the flow field information between 
the two meshes could be interpolated. As the particle moved within the channel the 
overlapping zone continuously changed. Distance weighted interpolation was employed 
as this option provided accurate results with reasonably fast computational solving 
times compared to the other options. The solution was computed for all active cells in 
both regions simultaneously, that is, the meshes were implicitly coupled.  
In the overset mesh the cells were divided into; active cells, passive cells, acceptor cells 
and donor cells, as illustrated in Figure 4 - 12. Acceptor and donor cells were at the 
overset boundary and the background mesh as they form the link between the two 
meshes.  
 
Figure 4 - 12: Illustration of the different types of overset cells present in the model in both the (a) 
overset mesh and (b) the background mesh. 




The solution was coupled in the two regions by interpolating donor cell values to 
provide data for acceptor cells. The overset and background region had similar sized 
cells near the overset boundary so that interpolation of data between the two meshes 
could be carried out. Additionally the time step was set so that the overset mesh does 
not move more than half the smallest cell size in this zone. 
The models employed to generate the meshes include the; Trimmed cell mesher, Prism 
layer mesher and Surface remesher. The trimmed cell mesher model is particularly 
suitable for overset meshing, especially when a zero gap interface is employed, it 
allows for ease of use in mesh alignment and controlling cell size. Prismatic cell layers 
were included next to the wall boundaries by using the prism layer mesher. The number 
of prism layers used in the particle meshes varied depending on the size of the particle 
(6-10 layers). A total of 8 layers were used for every channel mesh. Finally, the surface 
remesher was used to improve the mesh surface quality. A higher density of cells was 
placed at the particle-fluid interface so that the flow behaviour could be accurately 
captured while simultaneously allowing the overset mesh to progress through the 
background mesh as the particle moved through the channel. Figure 4 – 13 depicts the 
mesh generated for a typical 3D model. 
 
 
Figure 4 - 13: Illustration of a meshed 3D model of a microchannel containing a particle (η = 0.3) in the 
centre of the channel [0.5, 0.5, 2.5], surrounded by the overset region. 
 




4.4.3 Six Degree-of-freedom Body 
The DFBI module simulates the motion of a rigid body in response to the forces exerted 
by the fluid. The rigid body in this study is the particle and a DFBI Rotation and 
Translation motion was created for it which solves the equations of rigid body motion. 
The particle was fixed in position in the channel for 0.02s to allow the flow field to 
initialise before releasing it into flow field. At the release time, forces and moments are 
applied to the particle by the flow field and this can cause a shock effect to the solution. 
A ramp time of 0.2s was then applied. The ramp time refers to the time it takes the 
forces, exerted by the fluid on the particle, to reach 100% of their magnitude. Applying 
a ramp time applies the forces and moments proportionally across the interval to reduce 
the shock effect, thus, leading to a more robust simulation by reducing oscillations. It is 
recommended that the ramp time be ten times the release time to reduce instability in 
the simulation (CD-Adapco, 2016).  
A six degree of freedom (6-DOF) body contact coupling was created which represents a 
contact prevention force between the particle and the channel walls. This contact 
prevention force acts on the particle in a direction normal to the channel wall and 
prevents the particle from exiting the channel. The contact is modelled as a repulsive 
force which consists of an elastic component and a damping component. This force is 
only active once the distance between the particle and the channel wall falls below a 
defined threshold. A value of 2µm was used for the effective range for the contact force 
in all simulations. This small value was chosen so that the effect of the particle in close 
proximity to the wall could be investigated.   
4.4.4 Solvers 
A number of solvers were used in this investigation including the two DFBI solvers; 6-
DOF solver and the 6-DOF motion solver. The 6-DOF solver computes fluid forces and 
moments on a 6-DOF body. The forces and moments are converted to a body local 
coordinate system which is located at the centre of mass of the body, following the 
motion of the body whilst the simulation progresses. The equations of motions were 
solved to calculate the translational motion of the particle in the channel. Then the 6-
DOF Motion Solver moves the mesh according to this calculated motion.  
The implicit unsteady solver was used to calculate the hydrodynamic forces and 
moments acting on the particle. A second-order convection scheme was adopted 




throughout all simulations run in this investigation and the final time step was set to 
1x10
-6
s. As mentioned previously in section 4.4.3, the time step must be small enough 
so that the overset mesh does not move more than half the smallest cell size in the 
overlapping zone. Due to the very small cell sizes needed to capture the flow 
phenomena around the particle the time step in these models is extremely small which 
results in particularly long solving times. As a result all models were run using the 
supercomputer facilities of ICHEC once the simulations reached 0.22s. The solving 
time of each model varied but on average to solve a 3D simulation for 0.1s using 2 
nodes with 24 processors per node, took approximately 1,700 CPU hours. As a result of 
the extremely high computational demands of the 3D models it was decided that a 
number of pseudo 2D models would be created so that the relationship between specific 
variables could be investigated. 
4.5 2D Numerical Modelling 
It is not possible to carry out direct 2D analysis using the DFBI method so pseudo 2D 
models were created where the thickness of the model was set to two computational 
cells so that the DFBI method could be employed. The key differences between the 2D 
and 3D model generation process are presented in the following sections.  
4.5.1 Model Generation and Boundary Conditions 
The 2D geometries were created in the same manner as 3D models; the only difference 
was the thickness of each model in the x direction, which was set to 4µm, the minimum 
requirement for the DFBI solver. There were some slight differences in the boundary 
conditions applied to the 2D models. Due to the fact that the model is two 
computational cells thick the surface of the overset mesh and the background mesh slide 
on top of each other in the case of a pseudo 2D simulation. As a result these surfaces 
were set as symmetry planes, not walls or overset boundaries as in the 3D case, 
illustrated in Figure 4 - 14. 
 





Figure 4 - 14: Illustration of the geometry and boundary conditions for a 2D model with a particle (η = 
0.2) located at the centre of the channel (y = 0.5W). 
 
4.5.2 Mesh Generation 
The same meshing models discussed previously were used in the 2D models. 
Depending on the size of the particle being modelled some adjustments were made to 
the overset mesh. A summary of the models run and details on the mesh densities can be 
seen in Table 4 - 2. Both the particle sizes and the location of the particle have been 
non-dimensionalised by dividing the value by the channel width (100µm).   
 
Table 4 - 2: A summary of the 2D models and details on the mesh densities used. Particle sizes are non-
dimensionalised by dividing by the channel width (100µm). The particle location refers to the origin of 
the particle centre in the y direction (with the 0 point located at the bottom wall). 
Particle 
size 
Particle            







η = 0.1 
0.25, 0.4, 0.5 1,722 
29,000 
30,722 
0.1 1,586 30,586 
η = 0.15 
0.25, 0.4, 0.5 2,008 
33,000 
35,008 
0.125 2,060 35,060 
η = 0.2 0.15, 0.25, 0.4, 0.5 2,496 33,000 35,496 
η = 0.3 0.2, 0.25, 0.4, 0.5 3,280 33,000 36,280 
η = 0.4 0.25, 0.4, 0.5 3,872 33,000 36,872 
 
A reduction in the number of prism layers in the overset mesh was required in both the 
η = 0.1 and η = 0.15 particle models. The mesh density surrounding these smaller 
particles had to be decreased so that the model could be solved at this scale. 




4.5.3 Six Degree-of-freedom Body and Solvers 
The 2D models were set up the same as the 3D models except the direction of the 
particles motion was limited to the y and z direction only. Similarly the solvers used are 
as described in 4.4.4. The solving time of each model varied but on average using 2 
nodes with 24 processors per node, a simulation would take approximately 240 CPU 
hours, to run 0.1s. 
4.6 Numerical Parameters 
This section provides an outline of the geometrical variables that were analysed in both 
the 2D and 3D numerical models. A summary of the models that were created is 
included. Two geometrical variables were investigated; the particle size and the particle 
location within the channel. The effect of these variables on both the particles velocity 
and the fluidic forces the particle is subjected to was investigated. 
4.6.1 Particle Location 
The particle’s location within the channel was varied to investigate its effect on both the 
particle’s velocity and the surface forces a particle is subjected to in the different 
regions. Figure 4 – 15 illustrates the various particle locations within the microchannel 
that were investigated; they were varied in the y direction with the bottom wall of the 
channel used as the zero reference point.  
 
 
Figure 4 - 15: Illustration of the various particle locations investigated within the microchannel. The zero 
position in the y direction is located at the bottom wall of the channel with the centre of channel at y = 
0.5W. The distance of L varies depending on the particle diameter, with the outer surface of the particle 
always located at y = 0.05W. The flow is in the z direction from left to right.   
 




The four locations illustrated in Figure 4 – 15 were investigated in the 2D models, while 
three locations (summarised in Table 4 - 3) were investigated in the 3D models.  
4.6.2 Particle Size 
The second parameter investigated in this study was the particle size. Due to the size 
difference between BCCs in the lymphatics in vivo a number of spherical particle sizes 
were chosen for numerical analysis. The sizes chosen, summarised in Table 4 - 3, were 
based on values found in literature and they correspond to the particle and BCCs that 
were used in the experiments, detailed in section 4.2.  
 
Table 4 - 3: Summary of the location (in the y direction) of the particle centre in the various 2D and 3D 




η = 0.1 η = 0.15 η = 0.2 η = 0.3 η = 0.4 
2D 
0.1 0.125 0.15 0.2 --- 
0.25 0.25 0.25 0.25 0.25 
0.4 0.4 0.4 0.4 0.4 
0.5 0.5 0.5 0.5 0.5 
3D 
0.1 --- --- 0.2 --- 
0.25 --- --- 0.25 --- 
0.5 --- --- 0.5 --- 
 
4.7 Numerical Model Validation and Post-processing  
This section describes the methods that were employed to extract the results from the 
numerical models for analysis. The numerical models ability to predict the flow 
behaviour of large particles was assessed by comparing the simulations to data obtained 
from particle tracking experiments. 
The particle’s velocity, at the various locations investigated, was obtained from both the 
2D and 3D models and compared to the corresponding experimental data. Figure 4 - 16 
illustrates the results for the particle’s velocity from the η = 0.1 particle models 
compared to the particle tracking experiments and the theoretical prediction of 
Poiseuille flow. The experimental data was obtained by averaging along the streamwise 
direction where the error bars denote standard deviation from the mean. 





Figure 4 - 16: Comparison of the particle tracking experiments (EXP) and both the 2D and 3D numerical 
models for the η = 0.1 particle models. The error bars indicate the standard deviation in the experiments. 
The solid line is the analytical solution for Poiseuille flow in a straight square channel. All values were 
acquired at the centre of the microchannel at a depth of 50µm. 
 
The experimental data recorded that the η = 0.1 particles travelled at 95% of the 
undisturbed flow on average. The 3D DFBI models predicted the particles faithfully 
followed the flow while the 2D models predicted the particles travelled at 95% of the 
undisturbed flow. The numerical models, both 2D and 3D, were in very good agreement 
with the experimental data, therefore, justifying their use for the prediction of the 
surface forces experienced by BCC membranes when subjected to lymphatic flow 
conditions. 
Detailed information on the WSS magnitudes and the WSS distributions on the particle 
surface were then obtained from the DFBI models. Maximum WSS values, surface 
average WSS values and spatial WSS gradients were obtained from each model. Figure 
4 - 17 illustrates the normalised velocity and corresponding normalised WSS contour 
plots obtained for the 3D η = 0.1 particle located at the center of the channel (y = 0.5W). 
It is worth noting that all 3D and 2D particles were located at x = 0.5W and x = 0.02W 
respectively (as illustrated in Figure 4 – 11 (a)), while their y position was varied.  





Figure 4 - 17: Illustration of (a) the normalised flow velocity within the 3D microchannel model when 
the particle is located at the centre of the channel (y = 0.5W), (b) a close up of flow surrounding a η = 0.1 
particle in the overset region and (c) the corresponding normalised WSS distribution on the particle 
surface. 
 
Figure 4 – 18 shows an example of the corresponding results in the 2D η = 0.1 particle 
model. In the 2D model the particle thickness is equal to two computational cells in the 
x direction as illustrated. All values have been normalised by dividing by the maximum 
WSS and velocity values respectively. The flow direction is from left to right (z 
direction).  
 





Figure 4 - 18: Illustration of (a) the normalised flow velocity within the 2D microchannel model when 
the particle is located at the centre of the channel (y = 0.5W), (b) a close up of flow surrounding a η = 0.1 
particle in the overset region and (c) the corresponding normalised WSS distribution on the particle 
surface.  
 
Figures 4 – 19 and 4 -20 show the relative velocity in the 3D η = 0.1 and η = 0.3 particle 
models respectively. The particles are located at y = 0.5W and two directions are shown 
in each figure. The velocity has been normalised by dividing by the maximum velocity 
present in the channel (814μm/s).  





Figure 4 - 19: Illustration of the relative velocity in the 3D η = 0.1 particle model normal to (a) the x 
direction and (b) the z direction. 
 
 
Figure 4 - 20: Illustration of the relative velocity in the 3D η = 0.3 particle model normal to (a) the x 
direction and (b) the z direction. 
 
To analyse the spatial WSS gradient along the surface of the particle two line probes 
were created, in the y and z directions, along the surface of the particle from which WSS 
values were extracted, as illustrated in Figure 4 – 21. 





Figure 4 - 21: Illustration of the line probes generated, in the y and z direction, to obtain the spatial WSS 
gradient along the particle surface in the 3D η = 0.1 particle model.  
 
The WSS magnitudes that were extracted from these line probes were then plotted 
against the particle circumference to obtain the distribution of shear stresses 
experienced by the particle surface. Both the WSS and the circumference have been 
normalised by dividing by the maximum WSS and circumference value respectively.  
Figure 4 – 22 shows the WSS along the surface of the η = 0.1 particle, in both the y and 
z direction, when the particle is located at the centre of the microchannel (y = 0.5W).  
 
 
Figure 4 - 22: (a) The WSS magnitude along the circumference of the η = 0.1 particle in both the y 
direction (solid line) and the z direction (dashed line) plotted against the normalised particle 
circumference when the particle is located at the centre of the channel (y = 0.5W). All WSS and 
circumference values have been normalised by dividing by the maximum WSS and the maximum 
circumference value respectively. (b) Illustration of the particle and the corresponding line probes plotted 
in (a). The location of the zero position of the circumference plotted in (a) is marked by an X on the 
particle surface. The flow is in the z direction from left to right.  




4.8 Grid Independence Study 
The numerical results acquired must be independent of the mesh density; as a result a 
grid independence study was carried out to identify the optimum spatial resolution 
necessary to obtain accurate results. A model is said to have become grid independent 
when the difference in results between meshes of different densities is minimal i.e. the 
results do not change significantly depending on the mesh density. Grid independence 
was achieved as a result of comparing several meshes with different cell densities. The 
mesh density was increased until the percentage difference between results from two 
consecutive meshes was less than ±3% (Ene-Iordache et al., 2015; Wilson et al., 2015). 
Generally, as the mesh density is increased in a model the results become more 
accurate, however, increased mesh density leads to increased computational time. The 
discretisation error was estimated using the Grid Convergence Index (GCI) proposed by 
Roache (Roache, 1994). 
For this study grid independence was established by comparing the particle’s surface 
average WSS for a number of mesh densities, summarised in Table 4 - 4, for both the 
2D and 3D models. All models were run until 0.4s, where the particle has travelled 
~200µm along the channel length. Previous studies have established grid independence 
by comparing the velocity profiles, however, this is not as accurate as comparing the 
WSS values (Celik et al., 2008; Bhagat, 2009). The WSS is a function of the velocity 
gradient multiplied by the viscosity of the fluid which is far more sensitive to changes in 
flow. Consequently, the particle’s surface average WSS was investigated as this is a 
more extensive representation of the accuracy of the meshes.  
 
Table 4 - 4: Mesh refinement comparison of surface average WSS results for both 2D and 3D grid 
independence studies. 













40,840 0.00373 ----- 922,314 0.00521 ----- 
35,496 0.00381 2.10  707,455 0.00527 1.14 
29,720 0.00357 6.72  561,673 0.00531 0.75 
24,112 0.00401 10.97  250,984 0.00505 5.15 
 




Figure 4 - 23 shows the percentage difference between the various meshes in both the 
2D (top axis) and 3D (bottom axis) models. The difference in results between 3D 
meshes greater than 500,000 cells was approximately 1%, suggesting that a mesh with 
more than 500,000 cells is grid independent in terms of surface average WSS. For the 
2D models, a mesh of approximately 35,500 cells was sufficient to provide accurate 
results while minimising computational demand. 
 
 
Figure 4 - 23: Percentage difference between mesh sizes for the particle surface average WSS in the 2D 
(grey line) and 3D (black line) models. The top axis refers to the 2D meshes and the bottom axis refers to 
the 3D meshes.  
 
The fine GCI was calculated to determine the numerical uncertainty and Table 4 - 5 
summarises the calculated values. The numerical uncertainty in the fine grid solution for 
the surface average WSS for the 35,496 cell mesh (2D) was found to be 2.85% and a 









Table 4 - 5: Grid Convergence Index (GCI) calculations for discretisation error in both 2D and 3D 
meshes. N is the total number of cells in a particular mesh (e.g. 1,2,3), rf is the grid refinement factor, rf = 
Gridcoarse / Gridfine, p is the apparent order, ea is approximate relative error and eext is the extrapolated 
relative error.  
Variables 2D Mesh 3D Mesh 
N1, N2, N3 40840, 35496, 29724 922314, 707455, 561673 
rf 21 1.05 1.09 
rf 32 1.08 1.08 
WSS1 (Pa) 0.00381 0.005214 
WSS2 (Pa) 0.00373 0.005266 
WSS3 (Pa) 0.00381 0.005314 
p 9.119 4.588 
WSS ext 
32 
(Pa) 0.003645 0.005152 
e a
32
 2.14% 0.91% 
e ext
32
 2.33% 2.22% 
GCI fine
32
 2.85% 2.71% 
 
Additionally, the WSS along the centreline of the 2D particle surface was investigated 
but first the velocity around the particle surface was defined. Figure 4 – 24 (a) shows 
the velocity magnitude around the centre of the particle surface (x = 0.02W) for the 
35,496 cell mesh and (b) shows the velocity plotted against the normalised particle 
circumference in the x direction. This data was then compared to the two other 2D 
meshes (40,840 cell mesh and 29,724 cell mesh), illustrated in Figure 4 – 25. A 
percentage difference of 0.17% exists between the 40,840 cell mesh and the 35,496 cell 
mesh, and a percentage difference of 0.25% exists between the 35,496 cell mesh and the 
29,724 cell mesh.  
 
 
Figure 4 - 24: (a) Illustration of the velocity magnitude around the 2D particle (η = 0.2) surface in the 
35,496 cell mesh. (b) The corresponding velocity data plotted against the normalised circumference to 
show the WSS magnitude around the particle surface. 





Figure 4 - 25: The velocity magnitude plotted along the normalised particle circumference (η = 0.2) in 
three of the 2D meshes used in the grid independence study. 
 
Figure 4 – 26 shows the corresponding WSS along the centreline of the particle surface 
in the three 2D meshes. Although the WSS plots for the various meshes show similar 
behaviour there are clearly differences between the results. There is a slight phase 
difference between the results; however, the trends and magnitudes are in good 
agreement. It is believed that these differences are due to some numerical artifacts due 
to the length scales and timescales involved in updating the particle motion in response 
to the forces acting on the particle surface. Table 4 – 6 summarises the percentage 
difference between results for the various WSS parameters analysed. 
 





Figure 4 - 26: WSS plotted along the normalised particle circumference (η = 0.2) for the various 2D 
mesh densities. 
 
Table 4 - 6: Summary of the WSS values examined as part of the 2D GI study. The percentage difference 
























35,496 0.010166 0.0165 0.00381 
10.99 10.33 6.72 
29,724 0.009159 0.0184 0.00357 
 
Results indicate typical flow induced surface forces with a numerical difference of 
7.85% for the maximum WSS, 30.30% for the maximum WSS gradient and 2.10% for 
the surface average WSS respectively. Of particular note is the large difference 
(30.30%) that exists between the maximum WSS gradient results. However, while 
being cognisant of the sensitivity of the maximum WSS gradient results to the mesh 
employed in the numerical models, the predicted maximum WSS gradient in the 35,496 
cell model (0.0165Pa/µm) is 400% greater than the minimum value linked to BCC 
apoptosis (0.004Pa/µm) (Regmi et al., 2017). Therefore, in the interest of significant 
savings in computational effort it was decided that the 30.3% difference in predicted 
maximum WSS gradients between the 35,496 cells model and the 40,840 cells model 




was acceptable considering the values predicted in both models were far in excess of the 
threshold required to significantly affect cell behaviour. Consequently the 2D mesh of 
~35,500 cells was employed for the remainder of this study. 
Finally, to verify that the time point at which the GI study was carried out (0.4s) was 
acceptable, a comparison of the results at different time points was carried out. The 
WSS along the circumference of the particle, Figure 4 - 27 (a), and the surface average 
WSS, Figure 4 - 27 (b), were compared at a number of time points in the 2D models. A 
summary of the results can be seen in Table 4 – 7. No significant differences were 
found between the results, verifying the use of 0.4s for the GI study.  
The numerical methods discussed in this chapter were employed to analyse and process 
the numerical data presented in Chapter 6 of this thesis. 
 
 
Figure 4 - 27:  (a) WSS along the circumference of the particle (η = 0.2) at different time points, (b) 
illustration of the surface average WSS on the 2D particle surface. The X marks the location of the zero 
point of the particle circumference plotted in (a). All WSS and circumference values have been 
normalised by dividing by the maximum WSS and the maximum circumference value respectively. 
 
Table 4 - 7: A summary of the results of the time point investigation for the grid independence study. 
Time Point (s) Surface Avg. WSS (Pa) % Difference 
0.3 0.003823 0.31 
0.4 0.003811 0.29 
0.5 0.003822 0.29 
0.6 0.003811 0.21 
0.7 0.003819 ------- 




This chapter discussed both the experimental and numerical methodologies employed 
during the course of this investigation. A detailed description of the experimental 
system and the imaging techniques utilised were provided. The computational strategy 
employed for the analysis of the CFD models was discussed, including a description of 
the model generation process, the overset meshing strategy and the grid independence 
study. The next chapter of this thesis presents a paper that has been published in 
Biomicrofluidics using the experimental system described. This paper describes the 
particle tracking techniques employed to analyse the behaviour of particles, MCF-7 
cells and MDA-MB-231 cells which are exposed to lymphatic flow conditions in a 
100µm square microchannel. The objective of this research was to determine whether 
BCC behavior, under lymphatic flow conditions, can be emulated using rigid particles 
of various diameters. 
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The following chapter presents a paper which describes the particle tracking techniques 
employed to analyse the behaviour of particles, MCF-7 cells and MDA-MB-231 cells 
which are exposed to lymphatic flow conditions in a 100µm square channel. This 








The advection of microparticles, MCF-7 and MDA-




The lymphatic system is an extensive vascular network that serves as the primary route 
for the metastatic spread of breast cancer cells (BCCs). The dynamics by which BCCs 
travel in the lymphatics to distant sites, and eventually establish metastatic tumors, 
remain poorly understood. Particle tracking techniques were employed to analyze the 
behavior of MCF-7 and MDA-MB-231 BCCs which were exposed to lymphatic flow 
conditions in a 100µm square microchannel. The behavior of the BCCs was compared 
to rigid particles of various diameters (η=dp/H=0.05-0.32) that have been used to 
simulate cell flow in lymph. Parabolic velocity profiles were recorded for all particle 
sizes. All particles were found to lag the fluid velocity, the larger the particle the slower 
its velocity relative to the local flow (5-15% velocity lag recorded). A distinct 
difference between the behavior of BCCs and particles was recorded. The BCCs 
travelled approximately 40% slower than the undisturbed flow, indicating that 
morphology and size affects their response to lymphatic flow conditions (Re<1). BCCs 
adhered together, forming aggregates whose behavior was irregular. At lymphatic flow 
rates, MCF-7s were distributed uniformly across the channel in comparison to the 
MDA-MB-231 cells which travelled in the central region (88% of cells found within 
0.35≤W≤0.64), indicating that metastatic MDA-MB-231 cells are subjected to a lower 
range of shear stresses in vivo. This suggests that both size and deformability need to be 
considered when modelling BCC behavior in the lymphatics. This finding will inform 
the development of in vitro lymphatic flow and metastasis models. 
  




Lymphatic vessels, which range in size from 10µm to 2mm in diameter, serve as routes 
for transporting immune cells throughout the body and are also exploited by cancerous 
cells, particularly cancers of epithelial origin, such as breast cancer.
1
 Breast cancer is the 
most frequently diagnosed cancer and one of the leading causes of cancer death among 
females.
2
 Numerous studies have identified the lymphatics as the primary route for the 
metastatic spread of breast cancer cells (BCCs)
3–5
, however, very little is actually 
known about the effect these cells have on the lymphatic flow environment, and in turn, 
the effect these fluidic conditions have on the cells. In the past decade significant 
advancements have been made in characterizing lymphatic flow, using both numerical 
and experimental approaches.
6–25
 Accurate measurement of this environment is 
extremely important as the fluid shear forces and the flow environment surrounding 
cancer cells can modulate their metastatic potential. Studies have reported that the 
concentration of Circulating Tumor Cells (CTC) in 1ml of blood is approximately 1-10 
cells,
26
 however, to the authors knowledge, no data has been reported on the number of 
CTCs present in lymph. Lymph is primarily composed of interstitial fluid with a 
suspension of lymphocytes. The composition of lymph varies depending on the location 
of the body.
27
 Lymphocytes make up approximately 20-40% of all white blood cells in 
the body which corresponds to 1000-4800 cells/µL of blood and recent experimental 
work reports that the range of lymphocytes varies from 150-35,500 cells/µL in 
lymph.
25,28
 To date, the behavior of BCCs in the lymphatics is relatively unknown; 
therefore, this study acts as a first step towards investigating and characterizing their 
behavior through an experimental campaign on their advection in microchannels. There 
is a considerable wealth of research that examines transport properties and detection of 
particles and biological cells in microfluidic devices.
29–43
 However, there is very limited 
data available on the behavior of large particles/cells (>10% the channel width) under 
very low flow rates (0.2-1.7µL/min) such as those seen in the collecting lymphatics. 
Lymph contains cells that are 7-10µm in diameter and BCCs vary from 10-40µm.
36–38,42
 
The Reynolds number (Re) in the collecting lymphatics is < 1,
25
 which is considerably 
lower than that used in inertial sorting devices, typically 30 < Re < 300. The Re is 




      (5-1) 
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Where ρ is the fluid density, ?̅? is the mean velocity, d is the diameter of the channel and 
µ is the fluid viscosity. Particles/cells flowing in a microchannel experience drag and 
lift forces that result in complex behavior. At Re > 30, despite laminar flow conditions 
and a tendency to neglect inertial effects in micro-flows, the motion of particles is 
driven by inertial effects with terminology such as “inertial microfluidics” or “inertial 
sorting” used to describe the flow phenomena involved. Some recent reviews provide an 
excellent overview of inertial sorting of cells and particles in microdevices.
44–47
 Fluid 
forces due to shear, wall effects and particle rotation scale differently depending on the 
local flow conditions with the effect that low concentration particles suspended in 
micro-flows move to equilibrium positions. The effect was first reported by Segré-
Silberberg who reported an equilibrium location at 60% of the radial distance from the 
center of a circular tube, and has been exploited extensively in microfluidics for size-
based sorting of particles and cells.
48
 Despite the extensive body of experimental, 
theoretical and computational studies that Segré-Silberberg’s findings initiated, a 
complete insight into the inertial sorting mechanism is not fully understood.
45–47
  
At low Re (Re = 21-42), Hur et al. describe the potential for migration due to cell 
deformability as a potential means to sort cells.
49
 This is where the cell morphologically 
changes due to the flow environment and enables similar sized cells to be discriminated 
upon based on their morphological response to the flow. Tanaka et al. examined the 
inertial migration of MDA-MB-231 cells as a means of identifying CTCs in blood-
flow.
38
 The migration of cells was compared to that of particles in the range of 0.16< 










     (5-2) 
Where Re is the channels Reynold number, dp is the particle diameter and H is the 
channel height. It was found that the BCCs required a longer channel length to reach an 
equilibrium state compared to the particles. It is worth noting that the flow rates 
investigated in Tanaka et al.’s study are orders of magnitude higher than those in the 
lymphatics (diameter ~100-300µm). A study which investigated BCC motility in rat 
tumors found that three types of motility exist; cohesive motility (groups of cells), 
collective motility (chains of cells) and single cell motility.
50
 The authors discovered 
that collective invasion may be used for lymphatic spread as numerous groups of BCCs 
within the lymphatics were observed. Interestingly, it has recently been shown that in 
Chapter 5             Advection of Cells/Particles 
101 
 
breast cancer transplantation models, clumps of CTCs represent only about 2-5% of the 
CTCs, yet they are responsible for almost half of the lung metastases (first capillary bed 
BCCs encounter when spreading systematically).
51
 This demonstrates the considerably 
higher metastatic potential of clumps of BCCs compared to single BCCs. Therefore, 
quantifying the behavior of both single cells and cell aggregates travelling in the 
lymphatics is important to accurately characterize breast cancer metastasis. 
This paper describes the particle tracking techniques employed to analyze the 
behavior of particles, MCF-7 cells and MDA-MB-231 cells which are exposed to 
lymphatic flow conditions in a 100µm square channel. A range of BCCs (0.03< η 
<0.81, where η = dp / H) and rigid particles (0.05< η <0.32) were subjected to Poiseuille 
flow and their response to the flow in terms of speed and spatial distribution were 
analyzed. The first objective of this research was to determine whether BCC behavior, 
under lymphatic flow conditions, can be emulated using rigid particles of various 
diameters that have been used to simulate the various cells contained within lymph. 
Particle focusing experiments were carried out under a range of Re (Re = 0.02, 5, and 
25) to compare both the particle and BCC behavior. Metastatic MDA-MB-231 cells are 
more deformable than non-metastatic MCF-7 cells, which display stiffer morphological 
properties,
52
 therefore, the second objective of this study was to investigate if there is a 
difference in the behavior between the two BCC types, i.e. do the mechanical properties 
of the BCC affect their flow behavior. Identifying the local velocity gradients and the 
shear stresses that BCCs are exposed to is crucial to determining their behavior under 
these specific flow conditions. 
5.2 Materials and Methods 
5.2.1 Microfluidic Device 
In this study a 100x100μm topas microchannel (Microfluidic Chipshop, Stockholmer, 
Germany) with a length of 58.5mm, was used for the experiments. A square channel 
was chosen to minimize possible refraction of the light beam at the walls of the 
microchannel. 
5.2.2 Particle Suspension 
To evaluate the performance of the experimental system the flow through the 
microchannel was measured by seeding distilled water with 0.5µm fluorescent solid 
polymer particles (FluoSpheres® Polystyrene Microspheres, Dublin, Ireland). The 
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particles absorb green light (absorbance peak 580nm) and emit red light (emission peak 
605nm). The effect of Brownian motion was deemed negligible as a result of calculating 







d M D t 
      (5-3) 
Where de is the image diameter of particles, M is the magnification, β
2
 is a constant of 
value 3.67, D is diffusivity and Δt is the time between two lasers pulses. Fluorescent 
microparticles of 5.2 ± 0.14µm, 10.22 ± 0.13µm (Microparticles Ltd, Berlin, Germany) 
and 27-32µm (Cospheric, CA, USA) were chosen for testing. These particle sizes were 
chosen to correspond to the cell sizes seen in the lymphatics in vivo. The particles were 
mixed at a 0.08% wt fraction in distilled water, with 1vol% of Tween-20 surfactant 
(Sigma-Aldrich, Dublin, Ireland) added to the solution to prevent particle aggregation. 
The dynamic viscosity and density of distilled water are 1mPas and 1000kg/m
3
 
respectively. Due to the slight density difference between the particles (1050-
1090kg/m
3
) and distilled water, a percentage of glycerol (22% for the 5.2µm and 
10.22µm particles and 34% for 27-32µm particles) was added to the solutions. The 
viscosity and density of lymph, which are based on values for interstitial fluid from 





5.2.3 Breast Cancer Cell Suspension 
Two types of BCC lines were used in this investigation; non-metastatic MCF-7 cells 
and metastatic MDA-MB-231 cells (ATCC, Middlesex, UK). Both cell types were 
maintained in Dulbecco’s Modified Eagle’s medium (DMEM), supplemented with 10% 
Fetal Bovine Serum (Sigma Aldrich, Dublin, Ireland) and 1% Penicillin/Streptomycin 
(Sigma Aldrich, Dublin, Ireland) in an incubator kept at 37°C and 5% CO2. The cells 
were fluorescently labelled using CellTrace
TM
 Yellow (Bio Sciences, Dublin, Ireland) 
before preparing the cell suspension. Prior to testing the cells were suspended in 55% 
DMEM and 45% Percoll (Sigma-Aldrich, Dublin, Ireland). Percoll was added to the cell 
suspension to prevent the cells adhering.
56
 Both DMEM and Percoll are reported to 
have Newtonian fluid properties.
57–60
 Research has reported that Percoll is ideal for use 
with biological materials and does not affect biological membranes.
60,61
 A 2-3ml 
solution with a concentration of 500-1000 cells/µL was used for all experiments. BCC 
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concentrations were chosen to be predominantly higher than the actual numbers 
reported in literature, which are on the scale of 1-10 CTCs per ml of blood, for 
visualization and data analysis purposes.
26
 The number of CTCs in lymph has not been 
reported to date.  
5.2.4 Experimental Apparatus 
Figure 5 - 1 illustrates the experimental system that was developed for this study which 
consists of a high speed digital camera (Imager LX, LaVision Ltd, Germany) connected 
to an inverted microscope (IX71; Olympus, Tokyo, Japan) with illumination provided 
by dual Nd: YAG lasers (New Wave Research, UK). A 1mL glass syringe (Sigma 
Aldrich, Wicklow, Ireland) was connected to the channel via tubing and the flow rate of 
the working fluid was kept constant using a syringe Pump (Harvard Apparatus, 
Holliston, MA, USA). The range of flow rates investigated were Q = 0.233 - 
970µL/min. The microchannel was illuminated by dual Nd: YAG laser pulses at a 
wavelength of 532nm through an objective lens of 20X magnification (M) and a 




Figure 5 - 1: The experimental set-up which consists of a high speed camera system connected to an 
inverted microscope with illumination provided by a double pulse Nd: YAG laser (532nm).  
 
5.2.5 Image Acquisition 
µPIV imaging techniques were employed using the DaVis image acquisition software 
(LaVision Ltd, Germany) to capture images of the flow (distilled water seeded with 
0.5µm particles) for validation. The particles were imaged with a resolution of 1608 x 
568 pixels, 12-bit greyscale, with a time delay of 2500µs between consecutive images. 
Chapter 5             Advection of Cells/Particles 
104 
 
For the large particles and BCCs, a series of 500 single frame images were captured at a 
rate of 15Hz. The bottom wall of the channel was located using the focusing dial of the 
microscope and defined as the zero position in the z-direction (channel depth). The fine-
focusing dial was then used to scan up 50µm to locate the center of the microchannel; 
all measurements were recorded at this depth. The location of both walls in the lateral 
(y) direction were then set to y = 0 and 1 respectively.  
5.2.6 Image Processing 
The µPIV images were processed using DaVis, Version 8.3 (LaVision Ltd, Germany). 
The series of image pairs were spatially cross-correlated to calculate the velocity vectors 
of individual particles. A multi-pass, square correlation window with decreasing size, 
from 64x64 to 32x32 pixels was used. Using a multi-pass interrogation algorithm, with 
a 50% overlap, it was possible to obtain the corresponding velocity fields. A pre-
processing filter was used to remove the image background noise by subtracting the 
local minimum from each pixel in the image. 
Particle Tracking Velocimetry (PTV) techniques were employed using the plugin 
Trackmate in the ImageJ software (National Institute of Health, MD, USA) to analyze 
the large particles and BCCs as the usual flow tracing capabilities of µPIV are not 
suitable due to the large size of the particles and BCCs. PTV differs from µPIV in that, 
instead of cross-correlating between interrogation windows, individual particles are 
identified and tracked from image to image. To acquire the position of the 
particles/BCCs in-plane (x and y direction) the center of mass of the fluorescent spot 
was located and related to the zero position located at the channel wall (y direction) 
using ImageJ. Due to the large size of the particles/BCCs tested and the use of volume 
illumination, both in-focus and out-of-focus particles/BCCs were recorded. Focused 
particles have a well-defined outline, with a diameter close to the actual diameter 
(±10%), while out-of-focus particles have a blurred outline due to the wider intensity 
distribution, which depends on their distance from the focal plane.
32
 The image series 
were converted to grayscale using ImageJ and three criteria were defined to identify in-
focus particles for analysis. The spot diameter was set to ±5% the particle diameter, 
corresponding to depth range of ±0.25-1.5µm for the particles, the minimum mean 
intensity value of the fluorescent spot was defined (110pixels for the η = 0.05 and 0.1 
particles and 160pixels for the η = 0.3 particles) and thirdly, only spots that contained a 
well-defined outline were used for analysis.
62
 The depth wise measurement uncertainty 
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increases with regards to defining the BCC location due to various shapes and sizes of 
the BCCs. The BCC sizes recorded were measured using the largest diameter of each 
individual cell, which was determined following observation over ~500µm to factor into 
account the rotation of the BCCs, and the center of mass of the fluorescent cell was 
identified and tracked to define its position. The minimum mean intensity value of the 
BCCs was set to 160pixels to define in focus BCCs. This value was determined based 
on experiments carried out on static BCCs (located in a drop of media between two 
glass slides). Images of the BCCs were obtained at various depths by altering the 
vertical location of the microscope objective and their corresponding intensity 
distributions were recorded. Additionally, to ensure confidence in the measurement 
technique employed, the depth of focus was increased to 7.52µm using a 10X/0.3NA 
objective and no difference was found in the results. 
5.3 Results and Discussion 
5.3.1 Flow Visualization  
To evaluate the performance of the imaging system in measuring the velocity fields, the 
results for distilled water seeded with 0.5µm particles were compared to the analytical 
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where ux denotes the fluid velocity in the x-direction, y and z are the directions normal 
to the flow in the channel, Q is the flow rate and h and w are the height and width of the 
channel respectively. To ensure that the particles faithfully follow the flow the Stokes 
number was calculated. The Stokes number is the ratio of the characteristic time of the 
particle to the characteristic time of the flow. The 0.5µm particles were found to have a 
Stokes number of 5.6 x 10
-8
, this small value confirms the traceability of the particles. 
Figure 5 - 2 (a) shows the raw image of the flow in the channel and (b) shows the 
corresponding velocity vector field measurement calculated using cross correlation 
techniques. To ensure the velocity profiles were fully developed at the time of testing, 
the data was recorded in the middle of the channel (29.25mm from the inlet). The 
experimental measurements and the predicted flow profile obtained using Equation (5-
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4) are compared in Figure 5 - 2 (c). All velocities and positions are normalized against 
maximum velocity and channel height respectively. The data presented here illustrates 
the ability of the experimental system to obtain accurate results in accordance with the 
literature, establishing confidence in the measurement techniques employed in this 
study. The average percentage difference between the experimental velocities and the 
predicted flow velocities across the channel width (0.06 ≥ w ≤ 0.94) is 3%. 
 
 
Figure 5 - 2: (a) Raw image of the 0.5µm particles flowing in the microchannel, imaged using a 
20X/NA=0.5 objective, (b) the corresponding velocity vectors calculated using the cross correlation 
method using 500 images pairs, (c) Comparison of the experimental velocity profile, obtained by taking 
line-by-line averaging along the streamwise direction where the error bars denote standard deviation from 
the mean, and the analytical solution for Poiseuille flow in a straight square channel. The solid line is the 
analytical solution for Poiseuille flow. All profiles were acquired at the center of the microchannel at a 
depth of 50µm using the same flow conditions. 
 
5.3.2 Migration of particles and BCCs subjected to low Re 
Particle tracking experiments were carried out to investigate the behavior of rigid 
particles (η = 0.05 and 0.1) non-metastatic MCF-7 cells (η = 0.03-0.78) and metastatic 
MDA-MB-231 cells (η = 0.06-0.77), under very low flow rates (Re = 0.02, 5 and 25) 
within a square microchannel. The BCC diameter, displacement and location were 
measured using the image processing software ImageJ. All BCC diameters were 
normalized by dividing them by the channel height (100µm). Table 5 - 1 summarizes 
the size distribution of both BCC types. The BCCs were stratified into two categories; 
single cells and cell aggregates (defined as two or more BCCs adhered together). The 
size distribution of both cell types was 0.19 ± 0.09 for the MCF-7 cells and 0.21 ± 0.09 
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for the MDA-MB-231 cells. A wide variation, in both the size and shape of the cell 
aggregates was apparent. Aggregate formation ranged from two to approximately 
fifteen BCCs, forming a number of geometrical configurations, including spherical 
clumps and lines of cells, as illustrated in Figure 5 - 3.  
 
Table 5 - 1: Cell diameters recorded for single cells and cell aggregates for both BCC types. The 
diameter values were non-dimensionalized by dividing the measured BCC diameter by the channel height 
(100µm). 
Cell type 
MCF-7 Cells MDA-MB-231 Cells 
Single Cells Aggregates Single Cells Aggregates 
Number of cells 1856 700 1728 375 
Minimum diameter 0.03 0.10 0.06 0.18 
Maximum diameter 0.46 0.78 0.36 0.81 
Average diameter 0.14 ± 0.04 0.3 ± 0.07 0.18 ± 0.04 0.35 ± 0.05 
Total average diameter 0.19 ± 0.09 0.21 ± 0.09 
 
 
Figure 5 - 3: Illustration of the types of cells (a) a single BCC, (b) two BCCs adhered together, (c)-(e) 
three BCCs adhered together in different formations, (f)-(h) large aggregates of BCCs, found travelling in 
the microchannel imaged using bright field microscopy (20X/0.5NA).   
 
The range of Rep values for the various experimental flow conditions investigated are 
summarized in Table 5 - 2. The response of the particles and BCCs to increasing Re is 
illustrated in Figure 5 - 4. The BCCs have been stratified into single cells and cell 
aggregates so that a comparison can be made between their behaviors. Migration is 
dependent on the size of the particle/cell and the flow rate it is subjected to. Previous 
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work argues that a critical Re of 20-30 is required for migration to occur and the data 
collected here agrees with this to an extent, as particle migration is noticeably visible for 




Table 5 - 2: Summary of the particle Reynolds number (Rep) for the particles, MCF-7 cells and MDA-
MB-231 cells for each flow rate. 
Type Re = 0.02 Re = 5 Re = 25 
Particles 
η = 0.05 1 x 10
-4
 0.025 0.125 
η = 0.1 4 x 10
-4


















 0.04 - 0.65 0.3 - 2.89 
Aggregates 6.5x10
-4
 – 0.013 0.16 - 1.8 1.0 - 12.6 
 
Understanding the spatial distributions of BCCs is important to deciphering the shear 
stresses they are subjected to in vivo. Under lymphatic flow conditions, Re = 0.02, both 
the η = 0.05 and η = 0.1 particles were distributed uniformly across the channel width, 
illustrated in Figure 5 - 4 (a-b). As the Re was increased to 5 and then 25, the lift force 
acting on the particles was increased which permitted them to overcome the viscous 
drag forces and migrate to equilibrium positions. The location of the equilibrium 
positions are located by the distinctive peaks of particle distribution and are determined 
by the imbalance of drag and lift forces acting on the particles. The particles migrate 
laterally to a radial position of approximately 0.6 times the channel radius (zero position 
is located at the microchannel center), in agreement with previous work.
42,56–58
 A fully 
developed particle distribution is characterized by the depletion of particles at the 
channel center, as illustrated by the η = 0.1 particles at Re = 5 and 25. The BCC 
behavior differs from the particles, Figure 5 - 4 (c-f). At Re = 0.02 the single MCF-7 
cells (Figure 5 - 4 (c)) are distributed uniformly across the entire channel width, in 
comparison to the single MDA-MB-231 cells which have a distinct peak located at the 
center of the channel, (Figure 5 - 4 (e)). Only 5% of single MDA-MB- 231 cells 
travelled near the channel walls (0-0.24 and 0.75-1) versus 37% of the MCF-7 cells. 
This result suggests that the deformability of the BCCs had an effect on their location 
within the channel, with the more deformable metastatic MDA-MB-231 cells travelling 
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Figure 5 - 4: Lateral probability density of the (a) η = 0.05 particles, (b) η = 0.1 particles, (c) single 
MCF-7 cells, (d) MCF-7 aggregates, (e) single MDA-MB-231 cells and (f) MDA-MB-231aggregates, in 
response to increasing Re (0.02-25). All data was recorded at the center of the channel (29.2mm from the 
inlet) and at a depth of 50µm. 
 
The stiffer MCF-7 cells, similarly to the rigid particles, were more evenly distributed 
across the channel width. The deformability induced lift force increases with increasing 
BCC deformability which directs the MDA-MB-231 cells away from the channel wall 
and towards the channel center, to a modified equilibrium position, in agreement with 
previous work.
49
 The same behavior is illustrated with the cell aggregates; with 88% of 
MCF-7 aggregates located in between 0.25≤w<0.75 and all MDA-MB-231 aggregates 
located between 0.35≤w<0.65. This behavior is somewhat expected as the physical size 
of the aggregates would prevent them from travelling in close proximity of the wall. 
The results suggest that at lymphatic flow rates BCC aggregates have very little 
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interaction with the walls, corresponding to very little BCC-intimal layer interaction in 
an in vivo setting. Poiseuille flow has been shown to be an accurate model for 
describing lymph flow (Re < 1) in a contracting lymphatic vessel model, therefore, the 
behavior illustrated here could provide an indication of in vivo events.
54
 
.As Re is increased to 5 both BCC types, single cells and aggregates, migrate towards 
the channel walls to an extent. However, at Re = 25, the BCCs migrate towards the 
center of the channel in contrast to the particles. This difference in behavior can be 
attributed to a number of factors including the varied size, shape and morphological 
properties of the BCCs, illustrated in Figure 5 - 3. The deformability of a cell in 
Poiseuille flow results in an additional lift force which directs the cell away from the 
channel wall, creating a modified equilibrium position. BCCs have been successfully 
separated from fluid suspensions using focusing techniques, however, usually higher 
flow rates (Re > 30) and specially designed microchannels are utilized to ensure high 
throughput and efficiency.
36,41,49,65,66
 It has been hypothesized that the deformability of 
cancer cells affects their inertial focusing; however, the mechanisms responsible remain 
unclear and warrant further investigation.
49,67
 The interesting behaviour of the BCCs in 
response to the low Re investigated here suggests that the BCCs properties 
(deformability, size etc.) play an important role in determining their response in this 
flow regime (Re < 30).  
The densities of the working fluids used in this study (1050-1090kg/m
3
 for the 
particles and ~1050kg/m
3
 for the BCC suspension) are very similar to the values 
reported in vivo for lymph (~1000kg/m
3
). Due to the nature of the BCC media, in which 
the cells are suspended, the viscosity value of the BCC working fluid is approximately 4 
times higher than that of lymph. This difference in fluid properties represents an 
experimental limitation for this study. To address this issue the Re investigated have 
been matched non dimensionally to take into account this difference in viscosity, and as 
a result the non-dimensional velocity values in vivo can be determined using this scaled 
relationship.  
It has been shown that non spherical particles rotate at frequencies that depend on 
their largest diameter.
68
 The rotational effects were not quantified in this study; 
however, the results gathered provide a benchmark for which numerical models can be 
validated against. From the visualization of the BCC motion through the microchannel, 
fluctuations were present in the flow. Elements of fluid at different distances from the 
BCCs were not all subjected to the same forces due to the BCC interaction, and both 
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rotational effects and the interaction between neighboring BCCs are important factors to 
take into account. The response of BCCs to the flow rates present in the lymphatics is 
unknown and these results provide the first indication of their behavior under these 
conditions. By extracting specific information from the experimental measurements and 
using them as inputs to numerical models it is possible to quantify the fluidic forces 
BCCs are exposed to, which influence their advection through the lymphatics. A 
numerical study investigating the shear stress distribution within the microchannel as a 
result of the BCCs is currently underway.   
Results indicate that the size of the BCC plays an important role in cell motility, 
dictating both the cell’s velocity and its distribution within the channel, which in turn 
determines the shear stresses BCCs are exposed to. Identifying BCCs that are more 
likely to metastasis further through the lymphatics based on their geometrical and 
morphological properties will provide valuable information, which is currently lacking, 
to lymphatic and breast cancer research. 
5.3.3 Response of particles and BCCs to lymphatic flow conditions  
The flow behavior of MCF-7 and MDA-MB-231 cells was investigated to establish if 
particles could be used to model the flow behavior of BCCs when subjected to 
lymphatic flow conditions. The time averaged streamwise velocity component profiles 
for both the particles (η = 0.05-0.32) and the BCCs (η = 0.03-0.78) when subjected to a 
flow rate of 0.233µL/min, which is representative of the physiological flow rates 
present in lymphatics of approximately 100µm in diameter
25
, are shown in Figure 5 - 5. 
The velocity values were averaged over 10µm intervals across the channel width. 
Experimental data illustrates a parabolic form of the horizontal velocity profiles for all 
particle sizes. However, the flow behavior of both the MCF-7 cells and MDA-MB-231 
cells is largely irregular. All particles lagged behind the fluid velocity, with the largest 
particles travelling at the slowest velocities, Figure 5 - 5 (a). This behavior is in 
agreement with previous computational work that examined the motion of particles 
between two parallel plane walls in Poiseuille flow at low Re numbers.
69,70
 The decrease 
in translational velocity from the undisturbed fluid velocity increases with particle size; 
the η = 0.05, η = 0.1, η = 0.3 particles travelled at approximately 95%, 91% and 85% of 
the undisturbed flow velocity. The increased proximity of the large particles to the 
channel walls results in a greater retardation force acting on the particle surface due to 
the velocity gradient found at the walls, as highlighted by Figure 5 - 5 (a). 




Figure 5 - 5: Comparison of the flow behavior of (a) the particles (η=0.05, 0.1 and 0.3), and (b) the 
MCF-7 (η=0.03-0.78) and MDA-MB-231 (η=0.06-0.77) cells, subjected to a flow rate of 0.233µL/min. 
All velocities are normalized by dividing them by the maximum velocity and the particle positions are 
normalized by dividing them by the channel height. 
 
The error bars denote the standard deviation from the 
mean. All profiles were acquired at the center of the channel at a depth of 50µm. 
 
A wide range of velocities were recorded for both BCC types, which can be 
attributed, at least partly, to the range of BCC sizes tested. Overall the BCCs on average 
travelled approximately 40% slower than undisturbed flow velocity; therefore, 
assuming that BCCs adhere to the bulk flow distribution is incorrect. The MDA-MB-
231 cells, on average, travelled at a faster velocity (~11% faster) than the MCF-7 cells 
in the center of the channel (0.25≤w<0.74). While the MDA- MB-231 cells travelled 
approximately 31% slower than the MCF-7 cells in the near wall regions (w≤0.24 and 
w≥0.75). This difference in behavior may be attributed to the difference in stiffness of 
the BCCs. MDA-MB-231 cells are more deformable than MCF-7 cells and 
deformability introduces additional lift forces to the flow. These forces result in 
nonlinear effects in the flow field which may cause the MDA-MB-231 cells to be 
subjected to a different range of shear stresses than the stiffer MCF-7 cells. The 
corresponding underlying mechanism for this phenomenon is not clear yet and further 
study is required to shed light on this issue.  
The biological significance of aggregates in lymph flow is not documented and it is 
unknown whether the cells aggregate during circulation or break away from the primary 
tumor as an aggregate. Circulating aggregates have been found in blood samples from 
cancer patients
67
 and within lymphatic vessels obtained from mice.
71
 In order to take a 
closer look at the size effects, the BCCs were split up into single cells, Figure 5 - 6 (a), 
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and aggregates (b), to examine each type of motion and its consequences with respect to 
the local flow. In this study, large aggregates (up to 78% of the channel width) were 
observed to rotate both in and out-of-plane in the flow. The shape of the aggregates 
influenced their response to the flow, which affected both their advection through, and 
location in, the microchannel. Due to the wide range of velocities recorded it is difficult 
to determine whether there is a difference between the behavior of BCC aggregates and 
single BCCs from this data alone. The presence of BCC aggregates in lymph flow will 
increase the local velocity gradient and, as a result, generate increased shear stress on 
the BCC surface. Knowledge of the velocity patterns near the BCCs allows evaluation 
of shear stress values and thus, may provide indications for critical levels of stress that 
increase the risk of metastasis. The lymphatic flow rate investigated here (Q = 
0.233µL/min) is within the range of flow rates recently found in lymph nodes (Q = 0.1-
0.5µL/min)
18
, where metastatic BBC are known to locate. Experiments that investigate 
BCCs are typically performed under static, homogeneous conditions, and these static 
assays do not accurately capture the in vivo conditions experienced by BCCs. These 
results highlight the varied behavior of BCCs, in response to an in vivo flow rate.  
 
 
Figure 5 - 6: Comparison of the flow behavior of (a) the single BCCs (η = 0.03-0.38) and (b) the BCC 
aggregates (η =0.2-0.78), at a flow rate of 0.233µL/min. The purple squares represent the MCF-7 cells 
and the orange squares represent the MDA-MB-231 cells. The errors bars denote the standard deviation 
of the ensemble over which the averaging was performed. The solid line is the analytical solution for 
Poiseuille flow. 
 
Chapter 5             Advection of Cells/Particles 
114 
 
To further highlight the difference in behavior of the particles and the BCCs Figure 5 
- 7 illustrates the average percentage velocity lag of the particles and BCCs (single and 
aggregates) compared to the local Poiseuille flow in (a) the center of the channel (w = 
0.5) and (b) the near wall region (w = 0.8) as a function of size (η). The percentage 
velocity lag is greatest in all BCC types, compared to the rigid particles, despite their 
similarity in size. The velocity lag increases when the BCCs are located near the 
channel wall, Figure 5 - 7 (b). The results demonstrate that BCC behavior is largely 
different from particles of similar sizes, which are highly predictable and repeatable. 
Therefore, using rigid spherical particles as models will not provide a true 
representation of BCC behavior. The size, shape and deformability of BCCs need to be 
considered when modelling their behavior in the lymphatics. 
 
 
Figure 5 - 7: The percentage velocity lag of the particles (○), single BCCs (□) and BCC aggregates (Δ), 
in comparison to the undisturbed Poiseuille flow velocity as a function of η where η = dp / H,  at (a) the 
center of the microchannel (w = 0.5) and (b) the near wall region (w = 0.8). The purple markers represent 
the MCF-7 cells and the orange markers represent the MDA-MB-231 cells. The η values shown are based 
on the average non-dimensionalised diameters for each particle/BCC grouping. 
 
5.4 Conclusions 
An experimental study to investigate the flow behavior of BCCs and rigid particles, 
when exposed to lymphatic flow conditions in vitro has been carried out. The developed 
experimental system can facilitate better understanding of the multiphase flow 
phenomenon of BCC flow at the micro-domain of the lymphatics. Particle tracking 
experiments were performed to obtain information on the spatial distribution and 
velocities of a range of particle and BCC sizes subjected to a representative in vivo flow 
rate (Q=0.233µL/min). Parabolic velocity profiles of all particle sizes were found, the 
larger the particle size, the slower its velocity relative to undisturbed fluid flow. The 
BCC behavior was highly irregular and both MCF-7 cells and MDA-MB-231 cells 
travelled at a velocity that was significantly slower (~40%) than the local fluid velocity.  
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Varying degrees of lateral migration occurred for both the particles and BCCs as the 
Re was increased up to 25. At Re = 0.02, single MCF-7 cells were approximately 
uniformly distributed across the channel width, while the more deformable metastatic 
MDA-MB-231 cells travelled only at the center of the channel, where the velocity 
gradient effects are lower than at the channel walls. The flow behavior of both single 
BCCs and BCC aggregates was compared. The difference in the behavior of the two 
BCC types suggests that the increased deformability of metastatic BCCs affects their 
flow behavior, influencing their position in the flow. Results indicate that the BCC size 
and morphological properties play an important role in cell motility, dictating both the 
BCCs velocity and its distribution within the channel. These results emphasize the 
importance of future work focused on investigating BCC deformability and size effects 
in the lymphatics. The results serve to motivate experimental work focused on linking 
fluidic conditions to BCC dynamics associated with metastasis. Information gathered 
here, highlighting the response of BCCs to the lymphatic fluidic environment, could 
guide the development of novel tools for breast cancer metastasis diagnostics. 
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The following chapter presents a paper which models the shear stresses metastasising 
BCCs experience in vivo by modelling their behaviour using numerical and 
experimental techniques. This chapter has been submitted to Biomechanics and 
Modeling in Mechanobiology for consideration. 
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Towards the Prediction of Flow Induced Shear Stress 




Tumour metastasis in the lymphatic system is a crucial step in the progression of breast 
cancer. The dynamics by which breast cancer cells (BCCs) travel in the lymphatics 
remains poorly understood. The goal of this work is to develop a model capable of 
predicting the shear stresses metastasising BCCs experience in vivo by modelling their 
behaviour using numerical and experimental techniques. This paper models the fluidic 
transport of large particles (η=dp/W=0.1-0.4 where dp is the particle diameter and W is 
the channel width) subjected to lymphatic flow conditions (Rec=0.04), in a 100x100μm 
microchannel. The feasibility of using the Dynamic Fluid Body Interaction (DFBI) 
method to predict particle motion was assessed and particle tracking experiments were 
performed. The experiments found that particle translational velocity decreased from 
the undisturbed fluid velocity with increasing particle size (5-14% velocity lag for 
η=0.1-0.3). DFBI simulations were found to better predict particle behaviours in 
confined flow than theoretical predictions, however, mesh restrictions in the near-wall 
region (x<0.2W and x>0.8W) result in computationally expensive models. The 
simulations were in good agreement with the experiments (<12% difference) across the 
channel centre (0.2W≤x≤0.8W), with differences up to 25% in the near-wall region. 
Particles experience a range of shear stresses (0.002-0.12Pa) and spatial shear gradients 
(maximum of 0.137Pa/μm (137kPa/m)) depending on their size and radial position. 
Increasing our understanding of the shear stresses and shear stress gradients experienced 
by BCCs under lymphatic conditions could be leveraged to elucidate if a particular BCC 
size or location exists that encourages metastasis within these vessels. 
  




Lymphatics play a prominent role in transporting breast cancer cells (BCCs) throughout 
the body (Swartz, 2001). However, the dynamics by which BCCs travel and the fluidic 
forces they are subjected to in this environment is unknown. There is evidence that 
suggests some locations are more likely to form metastases than others (Chang et al., 
2008), and it is possible that such region-specificity for metastasis is related to the 
different flow/shear stress patterns BCCs are subjected to while travelling in the 
lymphatics. Given the experimental difficulties of obtaining wall shear stress (WSS) 
profiles on the surface of the cells, in silico models offer several advantages with 
regards to obtaining detailed information on flow conditions and cell surface forces. 
Biological flows are usually modelled using a continuum approach; however, the 
detailed nature of the cell-fluid interactions cannot be understood from these theories 
alone. In the case of BCCs suspended in lymph, the fluid is not merely a continuum 
whose physical characteristics are parametrically determined. It is therefore crucial that 
the modelling of BCCs, at the scale of the lymphatics (10µm-2mm in diameter), 
includes their interaction on the flow field. In order to implement this, the usual 
continuum mechanics based methods are insufficient. Due to the large size of BCCs (5-
30µm) (Tanaka et al., 2012), in comparison to the vessels they travel in, multiphase 
modelling techniques are required to predict their behaviour. Numerical simulation of 
BCC motion in response to the hydrodynamic forces imposed by the lymphatics may 
facilitate in obtaining the shear stresses experienced by the cell membranes in this 
fluidic environment. The interplay of several factors is required for BCC metastasis; 
however, the focus of this investigation is from a biomechanical/fluidic perspective.  
There is a paucity of information on the transport of large cells/particles (>10% the 
channel width) in small channels. Therefore a fundamental understanding of the 
mechanics that govern cell/particle advection in these flow conditions must first be 
established. The purpose of this work is the simulation of large particle flow in order to 
quantify the fluidic forces present in the lymphatics. This study explores the use of the 
Dynamic Fluid Body Interaction (DFBI) method to model particles in confined flow. 
DFBI is the process where rigid-body motions are calculated as a response to a 
combination of computed forces acting on a body. DFBI calculates the resultant force 
acting on the particle, and solves the governing equations of rigid-body motion to find 
the new position of the particle. The forces and moments acting on the particle, which 
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are obtained from the fluid pressure and shear forces, are used to calculate the 
translational and angular motion of the particle. The use of this method in conjunction 
with an overset mesh, allows the computational domain to move in any of the six 
possible degrees-of-freedom (6-DOF), allowing the simulation of particle motion in a 
fully-coupled manner with the flow solver.  
To the author’s knowledge, the flow of BCCs in the lymphatics has yet to be 
investigated. Therefore, this study acts as a first step towards characterising the 
behaviour of BCCs subjected to lymphatic flow conditions by investigating the flow of 
similar sized particles in a 100x100µm microchannel using experimental and numerical 
techniques. Due to the range of BCCs in vivo a number of particle sizes were chosen for 
analysis (η = dp/W = 0.1-0.4 where dp is the particle diameter and W is the channel 
width). In all models the Reynolds number (Rec) was maintained at 0.04, which 
corresponds to in vivo conditions (Dixon et al., 2006). The first objective of this study 
was to assess the feasibility of using DFBI to model large particles in confined 
microflows. The simulations were compared to both the theoretical prediction for 
Poiseuille flow in a channel (Bruus, 2008) and particle tracking experiments. Once a 
validated model is developed it can then be leveraged to examine cell surface forces. 
The metabolic response of cells is associated with the shear stress magnitudes and 
gradients they are exposed to, therefore, identifying the local velocity gradients and 
shear stresses that BCCs are exposed to is crucial to determining their behaviour under 
these specific flow conditions. Increasing our understanding of the shear stresses 
experienced by BCCs under lymphatic flow conditions could be leveraged to elucidate 
if a particular BCC size to vessel ratio exists that encourages metastasis within the 
lymphatics.  
6.2 Materials and Methods 
6.2.1  Experimental methods 
In this study a 100x100μm polymethylmethacrylate microchannel with a length of 
58.5mm was used. Microparticles of 10.22 ± 0.13µm (Microparticles, Berlin, Germany) 
and 27-32µm (Cospheric, CA, USA) were chosen for testing, corresponding to the BCC 
sizes in vivo. The particles were mixed at a 0.08% wt fraction in distilled water, with 
1vol% of Tween-20 (Sigma-Aldrich, Dublin, Ireland) added to the solution to prevent 
particle aggregation. The viscosity and density of distilled water are 1mPas and 





 respectively and due to the density difference between the particles (1050-
1090kg/m
3
), a percentage of glycerol (22% for the 10.22µm particles and 34% for the 
27-32µm particles) was added to the solutions.  
Images of the particles were obtained using a high speed camera (Imager LX, LaVision 
Ltd, Germany) connected to an inverted microscope (IX71; Olympus, Tokyo, Japan) 
with illumination provided by dual Nd: YAG lasers (532nm) (New Wave Research, 
UK) through an objective lens of 20X magnification and numerical aperture of 0.5. The 
flow rate was kept constant at 0.46µL/min and 0.79µL/min for the 10.22µm and 27-
32µm particles respectively using a syringe pump (Harvard Apparatus, MA, USA) to 
maintain a Rec = 0.04. In this work all particle diameters have been non-dimensionalised 
by dividing by the channel width, therefore, the particles are referred to as η = 0.1 and η 
= 0.3. Series of 500 single frame images were captured at a rate of 15Hz and particle 
tracking techniques were employed using ImageJ (National Institute of Health, MD, 
USA) for analysis. The image series were converted to 8-bit grayscale values (0-255) 
using ImageJ and three criteria were defined to identify in-focus particles for analysis. 
Three criteria were defined to identify in-focus particles for analysis; the spot diameter 
was set to ±5% of the particle diameter, corresponding to a depth range of ±0.5-1.5µm, 
the minimum mean intensity value of the fluorescent spot (110 and 160 for η = 0.1 and 
η = 0.3 respectively) and only spots that contained a well-defined outline were used for 
analysis (Kim and Yoo, 2008; Kim et al., 2011; Winer et al., 2014). 
6.2.2 Numerical model generation and meshing strategy 
All simulations were run using a commercial CFD package (StarCCM+, 11.06.010, CD-
Adapco). As a result of the extremely high computational demands of 3D models it was 
decided that 2D models would also be investigated. It is not possible to carry out direct 
2D analysis using DFBI so pseudo 2D models were created where the 3
rd
 dimension, the 
thickness, was set to two computational cells. A comparison of the two approaches was 
performed in order to estimate the trade-off between accuracy and computational 
demand. 
Models of the microchannel were generated and particle sizes of η = 0.1 and η = 0.3 
were created to allow comparison to the experiments. Along with the particle size, the 
particle location within the channel was varied. Due to the high computational demands 
of the 3D models, a number of additional pseudo 2D models were created to investigate 
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a broader range of particle size and location. Table 6 - 1 summarises the various sizes 
and locations while Figure 6 - 1 illustrates the particle locations. All particles were 
located in the middle of the channel at x = 0.5W.  
 
Table 6 - 1: Summary of the location (y direction) of the particle centre in the various 2D and 3D models. 
The values have been non-dimensionalised with respect to the channel width (100µm). 
Type 
Particle size 
η = 0.1 η = 0.15 η = 0.2 η = 0.3 η = 0.4 
2D 
0.1 0.125 0.15 0.2 --- 
0.25 0.25 0.25 0.25 0.25 
0.4 0.4 0.4 0.4 0.4 
0.5 0.5 0.5 0.5 0.5 
3D 
0.1 --- --- 0.2 --- 
0.25 --- --- 0.25 --- 
0.5 --- --- 0.5 --- 
 
 
Figure 6 - 1: Illustration of the various particle locations investigated within the 100µm microchannel. 
The zero position in the y direction is located at the bottom wall of the channel with the centre of channel 
at y = 0.5W. The distance of L varies depending on the particle diameter, with the outer surface of the 
particle always located at y = 0.05W from the bottom wall. The flow is in the z direction from left to right. 
All dimensions have been non-dimensionalised by dividing by the microchannel width (100µm).   
 
A background region containing the flow domain and a square overset region, which 
surrounded the particle, were created. The overset region length was always 40µm 
greater than the particle diameter in all directions. A length of 500µm was chosen for 
the models as this was the approximate channel length visible in the experiments. 
Additionally, the entrance length was insignificant (<1µm) with respect to the channel 
length. A comparison of the 2D and 3D geometries is illustrated in Figure 6 - 2.  
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An overset meshing strategy was employed to track the particle, whose motion is 
determined by the applied fluidic forces. An overset mesh interface coupled the two 
regions and a zero gap interface, using the distance weighted interpolation method, was 
utilized so the data between the two meshes could be interpolated. The Trimmed cell, 
Surface remesher, and Prism layer meshers were employed. A higher density of cells 
was placed at the particle-fluid interface so that the flow behaviour could be accurately 
captured while simultaneously allowing the overset mesh to progress through the 
background mesh.  
 
 
Figure 6 - 2: Illustration of the microchannel model with a η = 0.3 particle located at [0.5, 0.5, 0.3] with 
the overset region surrounding it. (a) The frontal view of a typical 3D model, (b) the frontal view of a 
typical 2D model (thickness is set to two computational cells to allow the DFBI method to be employed) 
and (c) a side view of the model. 
 
Grid independence was established by comparing the particles surface average WSS for 
a number of mesh densities. The mesh density was increased until the percentage 
difference between results from two consecutive meshes was <3% (Ene-Iordache et al., 
2015; Wilson et al., 2015). After analysis it was determined that a 2D mesh of ~35,500 
cells, and a 3D mesh of ~560,000 cells was sufficient while minimising computational 
demand. Additionally the fine grid convergence index (GCI) was calculated to 
determine the numerical uncertainty (Roache, 1994). The numerical uncertainty in the 
fine grid solution for the 2D (35,496 cells) and 3D (561,673 cells) meshes were found to 
be 2.85% and 2.71% respectively.  
6.2.3 Six Degree-of-freedom body 
The particle was fixed in the channel for 0.02s to allow the flow field to initialise. Once 
released, forces and moments are applied to the particle by the flow field and this can 
cause a shock effect to the solution. A ramp time of 0.2s was applied to allow the forces 
increase proportionally across the time interval to reduce the shock effect, thus leading 
to a more robust simulation by reducing oscillations. A 6-DOF body contact coupling 
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was created which represents a contact prevention force between the particle and the 
channel walls. This contact prevention force is only active once the distance between 
the particle and the wall falls below a defined threshold. A value of 2µm was used for 
the effective range so that the effect of the particle in close proximity to the wall could 
be investigated.   
6.2.4 Boundary Conditions and Solvers 
The fluid was assumed to be an incompressible single component Newtonian fluid with 
a density of 1000kg/m
3
 and a viscosity of 1mPas corresponding to in vivo values 
(Wilson et al., 2013; Jafarnejad et al., 2015). A steady uniform velocity profile, with a 
mean value of 388µm/s, was defined at the inlet. A pressure outlet boundary condition 
was defined at the channel outlet and the walls were set to a no-slip boundary condition. 
In the 2D models the surfaces of the overset and background mesh were set as 
symmetry planes due to the geometric constrictions of the model thickness. The implicit 
unsteady solver and a second-order convection scheme were adopted, with the final 
time step set to 1x10
-6
s. The time step was set so that the overset mesh does not move 
more than half the smallest cell size in this zone. Due to the small cell sizes needed to 
capture the flow phenomena around the particle the time step is extremely small which 
results in particularly long solving times. As a result all simulations were run using the 
facilities of the Irish Centre for High End Computing (ICHEC). The solving time of 
each simulation varied but on average to solve a 3D simulation for 0.1s using 2 nodes 
with 24 processors per node, took ~1,700CPU hours. Residuals measure the imbalance 
of the conservation equations and the degree to which their discretized form is satisfied 
by the CFD solver. The residuals in this investigation are normalised by dividing by its 
maximum value obtained within the first five iterations. The normalized residuals 
represent the order of magnitude in which these values fall from their peak values. All 
simulations were run until 0.32s and the residuals reached a value of 10
-4
 to ensure 
convergence. 
6.3 Results 
6.3.1 Particle Tracking Experiments   
Particle tracking experiments were carried out to investigate the behaviour of large 
particles (η = 0.1 and η = 0.3) under lymphatic flow conditions. The time averaged 
streamwise velocity component profiles for the particles when subjected to a Rec = 0.04, 
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are shown in Figure 6 - 3. The solid line indicates the undisturbed Poiseuille flow 
velocity. On average, the η = 0.1 and η = 0.3 particles travelled at 95% and 86% of the 
undisturbed flow velocity. The greatest velocity lag, for both particle sizes, was 
recorded near the channel walls (y<0.2W and y>0.8W). The η = 0.1 and η = 0.3 




Figure 6 - 3: Comparison of the particle tracking experiments (EXP) and both the 2D and 3D numerical 
models for (a) the η = 0.1 particles and (b) the η = 0.3 particles. The error bars indicate the standard 
deviation in the experiments. The experimental velocity profile was obtained by taking line-by-line 
averaging along the streamwise direction where the error bars denote standard deviation from the mean. 
The solid line is the analytical solution for Poiseuille flow in a straight square channel (Bruus, 2008). All 
profiles were acquired at the centre of the microchannel at a depth of 50µm using the same flow 
conditions. 
 
6.3.2 Feasibility of the DFBI Method 
The simulations are in very good agreement with the experimental results, Figure 6 - 3. 
The 3D models predicted the η = 0.1 particles faithfully followed the flow while the η = 
0.3 particles lagged at an average of 7% across the channel width. A greater velocity lag 
is recorded in the 2D models, with the η = 0.1 and η = 0.3 particles travelling at 95% 
and 91% of the undisturbed flow.  
Figure 6 - 4 illustrates the percentage difference between the particles’ velocities across 
the channel width for the numerical simulations and theoretical predictions against the 
experimental data. For the η = 0.1 particles (Figure 6 - 4a-b) the theory and the DFBI 
models provide good estimations of the particle behaviour. The average percentage 
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difference between results is 7.1% for the theoretical prediction, 2.7% for the 2D 
simulations and 10.2% for the 3D simulations. The difference in results increases to a 
maximum of 25% in the near-wall region (y<0.2W and y>0.8W), with the largest 
differences (20-25%) found in the 3D η = 0.1 model located at the channel wall (y = 
0.1W and y = 0.9W), Figure 6 - 4b. When larger particles are considered (Figure 6 - 4c-
d) there is a significant difference between the theoretical predictions and the 
experiments, with the DFBI models providing a better approximation of the particle 
behaviour across the entire channel width. The average percentage difference between 




Figure 6 - 4: The percentage difference between the particle velocity values across the channel width, for 
the DFBI models (solid lines) and the theoretical prediction for flow (dashed lines) compared to the 
experimental results. (a-b) illustrates the results for the η = 0.1 particles and (c-d) illustrates the results for 
the η = 0.3 particles. 
 
6.3.3 Shear Stress Distribution 
Figure 6 - 5 illustrates the velocity distribution and the corresponding particle WSS 
distributions in the 3D models at the three locations investigated. Figure 6 - 6 plots the 
maximum WSS experienced by the (a) 3D particles and (b) 2D particles, across the 
channel width (symmetric across the channel centre). The maximum WSS increases 
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with increasing particle size and proximity to the wall. At the channel centre, the 3D 
models predict that the η = 0.3 particle is subjected to ~2.9 times the maximum WSS of 
the η = 0.1 particle, suggesting a linear increase in WSS with increasing particle size. 
The 2D models also display the same behaviour. Table 6 - 2 summarises the maximum 




Figure 6 - 5: The velocity distribution across the entire channel width and the corresponding particle 
WSS in the 3D models for the η = 0.1 particle (a–c) and the η = 0.3 particle (d-f). A close up view of the 
flow field surrounding the η = 0.1 particle, at each of the three locations, is provided in the centre of the 
figure. The particles are located at y = 0.5W (a and d), y = 0.4W (b and e), y = 0.9W (c), and y = 0.8W (f) 
respectively. 




Figure 6 - 6: The maximum WSS (WSSmax) for the (a) 3D models and (b) 2D models, plotted across half 
the channel width. The data plotted is based on the particle’s centre location in the y direction. 
 
Table 6 - 2: The maximum WSS values recorded for each particle surface in both the 2D and 3D DFBI 
models. The values have been normalised by dividing the value by the maximum WSS found in the η = 
0.1 particle at that given location. 
 
Location η = 0.1 η = 0.15 η = 0.2 η = 0.3 η = 0.4 
2D 
0.1-0.2 1 1.17 1.36 1.57 1.78 
0.25 1 1.08 1.33 1.82 3.19 
0.4 1 1.14 1.39 1.58 2.27 
0.5 1 1.52 2.20 3.32 4.24 
3D 
0.1-0.2 1 --- --- 1.42 --- 
0.25 1 --- --- 1.84 --- 
0.5 1 --- --- 2.86 --- 
 
Figure 6 - 7 and Figure 6 - 8 illustrate the WSS gradients present on the particle surface 
in two directions (y and z) at the (a) channel centre and (b) the wall, in the 3D models. 
The WSS is plotted along the particle’s circumference which has been normalised by 
dividing by the maximum circumference value. The WSS is an order of magnitude 
higher in the particles located at the walls compared to the centre for both particle sizes. 
Figure 6 - 7c and Figure 6 - 8c plots the WSS gradients from both locations (a-b) to 
provide a direct comparison of WSS magnitudes. The maximum change in WSS (y 
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direction, solid lines), which occurs in Figure 6 - 7 and Figure 6 - 8, corresponds to 
0.008Pa/μm and 0.137Pa/μm in the η = 0.1 particle and 0.004Pa/μm and 0.082Pa/μm in 
the η = 0.3 particle, at the channel centre and wall respectively. Additionally, the 
rotational velocity (vrot) of the particle increases as it moves towards the wall, therefore, 
the entire particle surface is also subjected to temporal gradients of shear stress.  
 
 
Figure 6 - 7: The WSS magnitude along a line on the circumference of the η = 0.1 particle in the y 
direction (solid line) and z direction (dashed line) plotted against the particle diameter at (a) the centre of 
the channel (y = 0.5W) and (b) the channel wall (y = 0.9W). The Y and Z markers on the graphs illustrate 
the corresponding location on the particle surface shown opposite. The two lines along the particle 
surface are highlighted. (c) Compares the data presented in (a) and (b) so that the difference in the WSS 
magnitude at the various locations can be visualised clearly. 




Figure 6 - 8: The WSS magnitude along a line on the circumference of the η = 0.3 particle in the y 
direction (solid line) and z direction (dashed line) plotted against the particle diameter at (a) the centre of 
the channel (y = 0.5W) and (b) the channel wall (y = 0.8W). The Y and Z markers on the graphs illustrate 
the corresponding location on the particle surface shown opposite. The two lines along the particle 
surface are highlighted. (c) Compares the data presented in (a) and (b) so that the difference in the WSS 
magnitude at the various locations can be visualised clearly. 
 
6.4 Discussion 
In recent years numerical modelling of the lymph system has increased in popularity. 
Previous studies have modelled different aspects of the flow environment (Rahbar and 
Moore, 2011; Wilson et al., 2013; Cooper et al., 2015; Jafarnejad et al., 2015), 
however, none have investigated the effect BCCs have on local flow conditions. To the 
author’s knowledge, this study is the first of its kind to model large particle flow (≥10% 
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the channel width) under lymphatic flow conditions using the DFBI method in an 
attempt to elucidate the shear stresses metastasising BCCs are subjected to in vivo.  
The experimental data illustrates a parabolic form of the horizontal velocity profiles for 
both particle sizes, (Figure 6 - 3). All particles lagged behind the fluid velocity, with the 
largest particles travelling at the slowest velocities. The decrease in translational 
velocity from the undisturbed fluid velocity increases with particle size, which is in 
agreement with previous work (Staben et al., 2003). The DFBI models also predicted an 
increase in velocity lag as both particle size and proximity to the channel wall increased, 
with the 2D models providing a good estimate of the 3D behaviour. The DFBI method 
was successful at modelling particle flow, using both 3D and 2D methods and is a better 
approximation of particle velocity than that predicted by theory. The use of 2D models 
had the advantage that a wider variation of parameters could be investigated, with lower 
computational costs, to obtain an initial understanding of the fluidic factors at play. 
Therefore, the DFBI method was found to better predict large particle behaviour in 
confined flow, however, as the particle location enters the near-wall region; the use of 
this approach to accurately predict the fluidic forces becomes extremely 
computationally expensive. The percentage difference between simulations and 
experiments remained below 12% across the entire channel width for all models, 
excluding the 3D η = 0.1 model located at the channel wall, Figure 6 - 4b. The authors 
believe that the increased difference in results found in the 3D η = 0.1 model at the wall 
may be due to mesh restrictions in the DFBI method. The high WSS gradients and wall 
effects that exist in this region need an extremely fine mesh to be accurately captured 
which results in a significant increase in computational resources. A more in depth 
analysis of this region requires increasing the mesh density in both regions, which will 
significantly reduce the time step required for analysis, particularly in the smaller η = 
0.1 models.  
The microenvironment surrounding cancer cells is known to play an important role in 
modulating their response and function (Chang et al., 2008). The presence of the large 
particles modifies the local flow environment (Figure 6 - 5), and the effect of particle 
location on the WSS magnitudes and gradients is highlighted. Knowledge of such 
values may provide indications for critical levels of stress or stress gradients that cause 
BCC membranes to react in a manner that can determine their metastatic potential. 
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Metastatic BCCs are more deformable than non-metastatic BCCs, and the effect this has 
on the flow conditions has not been investigated. 
The increase in maximum WSS found in the larger particles, Figure 6 - 6, suggests that, 
in vivo, smaller BCCs could be more likely to survive the lymphatic circulation due to 
the lower WSSs they experience. These low WSSs are similar to the WSSs experienced 
in the interstitial tumour environment (Mitchell and King, 2013). Very little is actually 
known about the effects fluid shear forces have on BCC viability, therefore, the values 
obtained in this study could serve as inputs for future cell culture investigations.  
WSS magnitudes on cell membranes, in the range of 0-3Pa, have been shown to assist 
tumour cells in binding to the endothelium via tethering and rolling (Burdick et al., 
2003). The WSS gradients found in this study provide an indication of the magnitude of 
stresses distributed across the particle surface. In vitro assays of BCCs are typically 
performed under static, homogeneous conditions and these static assays do not 
accurately capture in vivo conditions. Therefore, the results presented here serve to 
motivate future work focused on linking this mechanical cue to BCC dynamics 
associated with metastasis. The primary contribution of this work is the estimation of 
WSSs and WSS gradients that BCCs are subjected to in a range of geometrical 
scenarios. However, the idealised conditions of these models are recognised. BCCs 
have varying degrees of deformability and shape, (Lee and Nan, 2012) and lymphatics 
are non-uniform cylindrical vessels that contract (Margaris et al., 2016). The 
assumptions made in this investigation were deemed necessary as a first step towards 
developing an experimentally validated model that can predict the shear stress 
distribution BCCs are exposed to in vivo. A fundamental understanding of the behaviour 
of large particles in confined flow has been established, which will provide a research 
platform for future analysis. Despite the limitations of the DFBI method in the near-wall 
region, the models have provided valuable information with regards to predicting the 
WSSs BCCs are subjected to in confined flows. Further cell culture studies are required 
to determine whether these WSS distributions influence BCC behaviour. The need to 
measure the flow gradient precisely at the channel wall is evident for an accurate 
analysis of the WSS gradient and to date the determination of local WSSs within this 
environment remains unclear. These results emphasize the importance of future work 
focused on investigating BCC behaviour in the lymphatics. 
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7.1 Discussion 
Breast cancer is the most common cancer form in women and approximately 13% of 
women born today will be diagnosed with this disease (Pukazhendhi and Glück, 2013). 
Metastatic breast cancer tumours represent the greatest threat to patient outcome, as 
long term survival is drastically reduced if metastases are found during diagnosis 
(Gunduz and Gunduz, 2011). Metastasis involves the interaction of molecular, 
biochemical and biomechanical factors, most of which are not yet fully understood. The 
important role the lymphatic system plays in breast cancer metastasis has been 
highlighted in Chapter 2, however, the exact mechanisms by which BCCs move 
preferentially towards particular lymph nodes, via the lymphatics, remains poorly 
understood (Artacho-Cordón et al., 2012; Pukazhendhi and Glück, 2013; Nathanson et 
al., 2015). The causative link between biomechanical factors and breast cancer 
pathogenesis remain to be identified. Experimental, analytical and numerical 
approaches have been used to predict the behaviour of the lymphatics; however, most of 
our knowledge is derived from animal studies. Limited data exists on the transportation 
of lymph in humans and it consists primarily of visual observations. New techniques to 
study lymphatic function in both animals and humans are emerging which will aid with 
understanding the mechanisms and dysfunctions associated with the system.  
There is a critical need for models that accurately capture the flow phenomena present 
in the lymphatics, as the biomechanical environment in the lymph system plays a key 
role in breast cancer progression. The complex behaviour of the lymph system led to 
several groups utilising analytical models as a first step towards characterising its 
behaviour. However, a major concern with these studies is the assumption of Poiseuille 
flow. Dixon et al. showed that the wall motion in lymphatics is significant and that the 
vessels themselves are highly dynamic (Dixon et al., 2006). This dynamic behaviour 
suggests that assuming Poiseuille flow conditions could be inaccurate. However, 
Rahbar and Moore’s study on a contracting lymphangion found that the assumption of 
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Poiseuille flow for estimating WSS in a contracting lymphangion held valid over a 
contraction cycle (Rahbar and Moore Jr, 2011). This finding justifies the assumption of 
Poiseuille flow, however, when one considers the presence of BCCs in the lymphatics 
the assumption that the BCCs follow Poiseuille flow is questioned due to the large size 
of the BCCs in comparison to the vessels they travel in.  
Research has shown that the interaction between cancer cells and their environment can 
enhance the cancer cells progression (Bissell and Radisky, 2001; Triantafillu et al., 
2017). Thus, elucidating the effect the lymphatic flow field has on BCC behaviour is of 
crucial importance. The overall objective of this study was to investigate the behaviour 
of BCCs in response to lymphatic flow conditions, a topic which is vastly under 
researched yet important to understanding BCC metastasis. Until recently most studies 
have focused on the biological and cell signalling aspects of BCC metastasis and very 
few have attempted to characterise the fluidic environment they travel in. One of the 
most important factors that determines the behaviour of cells is the surface forces the 
cell membranes are exposed to. Recently, a study concluded that the mechanical forces 
generated by fluid flow regulate cellular behaviour in terms of metastatic potential and 
proliferation (Lee et al., 2017). Therefore, establishing the flow induced surface forces 
BCC membranes are subjected to in the lymphatics is critical. 
Numerical modelling allows visualisation and analysis of complex flow phenomena that 
may not be easily achieved experimentally, such as determining the surface forces 
BCCs are exposed to. A number of studies have investigated lymphatic flow conditions 
by modelling specific aspects of it in isolation; however, none have considered the 
presence of BCCs. As evidenced by the scarcity of studies devoted to the topic, 
numerical modelling of large cells/particles in microvessels presents a number of 
difficulties. While a variety of multiphase numerical methods have been used 
extensively for various industrial processes (e.g. mixing, granular processes), future 
efforts are required to focus on biological micro-flows. In the case of BCCs flowing in 
lymph, it is not merely a continuum whose physical characteristics are parametrically 
determined. It is therefore crucial that the modelling of BCC flow includes the 
interactions of the BCCs on the local flow field. In order to implement this, the usual 
continuum mechanics based methods are insufficient and multiphase flow models must 
be employed to get an accurate representation of the BCCs effect on the flow field. The 
size of BCCs in comparison to the geometries they travel in presented a number of 
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issues with regards to meshing capabilities in various multiphase models. Following an 
investigation into the available techniques it was decided that the Dynamic Fluid Body 
Interaction (DFBI) method would be employed in this study. The advantage of using 
this technique was that the motion of the particle was determined by the fluidic forces 
present in the channel, as the flow was two-way coupled.  
The quality of results obtained from numerical models depends heavily on the inputs. 
For this reason, numerical simulations should be validated against experimental data. To 
justify the use of the chosen numerical modelling technique particle tracking 
experiments were carried out so that the results obtained from the simulations could be 
validated against experimental measurements. A microfluidic test facility was 
developed in which two types of BCCs, metastatic BCCs and non-metastatic BCCs, and 
particles of various diameters were subjected to very low Rec flow. Firstly the 
experimental set-up’s ability to measure the fluid flow in a microchannel was evaluated 
by comparing the experimental flow profile to an established analytical solution. The 
system was found capable of measuring the flow fields in the channel, producing 
controlled data in accordance with the literature, establishing confidence in the 
measurement method. Results from particle tracking experiments were compared to the 
numerical simulations and the DFBI method was found to be successful at modelling 
large particle flow, using both 3D and 2D methods, and is a better approximation of 
large particle velocity than that predicted by theory. Thus, an experimentally validated 
numerical technique was developed in which the flow behaviour of large particles could 
be analysed to decipher the flow induced surface forces experienced by BCCs in 
lymphatic flow conditions.  
The microfluidic system was used to characterize the flow behaviour of BCCs in 
confined flow conditions, on a similar scale to the in vivo setting. Due to the numerous 
issues associated with testing BCCs in microfluidic devices, e.g. cell aggregates, 
blocked tubing/channels, one of the main objectives of this work was to investigate if 
BCC behaviour can be replicated using particles of similar size. A range of particle 
sizes were tested, corresponding to the BCC sizes in vivo. The particle behaviour was 
found to be repeatable and predictable with all particles lagging the local flow velocity, 
the magnitude of the lag increasing with increasing particle size, in agreement with 
previous work. However, the behaviour of the BCCs was found to be highly irregular. 
The BCCs clumped together and formed aggregates which disturbed the local flow 
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environment. The BCCs were stratified into single cells and cell aggregates to 
distinguish their behaviour. The biological significance of BCC aggregates is not yet 
quantified and it is unknown whether the BCCs aggregate during circulation or break 
away from the primary tumour as an aggregate. Aggregates have been shown to have 
dramatically higher metastatic potential than single cancer cells (Bill and Christofori, 
2015). Numerous studies have isolated BCCs from blood samples in specially designed 
microdevices for cancer diagnostic applications; however, the majority of these studies 
are performed under much higher Rec than that of the lymphatics (Tan et al., 2009; 
Moon et al., 2011; Hou et al., 2013). In this study BCCs, when subjected to Rec < 1, 
were found to lag the local flow velocity by up to 40% on average suggesting that their 
geometrical properties such as shape and deformability play a major role in their 
advection at these low flow rates. It was concluded that using rigid spherical particles as 
model BCCs does not provide a true representation of BCC behaviour at these low flow 
rates. The size, shape and deformability of BCCs need to be considered when modelling 
their behaviour in the lymphatics. Accurate quantification of BCC behaviour in vitro 
will better inform the conditions surrounding disease progression in vivo.  
The behaviour of metastatic MDA-MB-231 cells was compared to non-metastatic 
MCF-7 cells to determine if there was a difference in the cells response to lymphatic 
flow rates. At lymphatic flow rates, MCF-7 cells were distributed uniformly across the 
channel in comparison to the MDA-MB-231 cells which travelled in the central region 
(88% of cells found within 0.35W≤ x ≤0.64W), indicating that metastatic MDA-MB-
231 cells are subjected to a lower range of shear stresses in vivo. The MDA-MB-231 
cells travelled on average ~11% faster than the MCF-7 cells in the centre of the channel 
(0.25W≤ x <0.74W). While the MDA-MB-231 cells travelled ~31% slower than the 
MCF-7 cells in the near wall regions (within 24µm of each wall). This difference in 
behaviour may be attributed to the different morphological properties of the BCCs. 
MDA-MB-231 cells are more deformable than MCF-7 cells and deformability 
introduces additional lift forces to the flow. These forces result in nonlinear effects in 
the flow field which may cause the MDA-MB-231 cells to be subjected to a different 
range of shear stresses than the stiffer MCF-7 cells. Many preclinical investigations are 
focused on identifying the biological and molecular regulators of BCC metastasis. In 
these studies, accurate measurements of flow velocity and BCC membrane surface 
forces will be critical. The numerical model developed in this study allowed 
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quantification of the fluid shear stresses imposed by lymphatic flow rates on BCC 
membranes in a range of scenarios. A range of particle sizes and locations were 
modelled to quantify the effect these geometrical parameters have on the shear stress 
magnitudes and spatial shear stress gradients the surface of the particle experiences. A 
total of 6 3D models and 19 2D models were analysed. The predictions found in this 
study, discussed in Chapter 6, provide insight into the range of flow induced shear 
stresses BCC membranes experience and hence have relevance for understanding 
metastasis. Variations in magnitude or frequency of flow induced shear stresses can 
stimulate changes in gene expression, morphological properties and adhesive properties 
of BCCs. Therefore, the values reported here, which are in the same range as those 
found in previous studies that investigated WSS in lymphatics (Nipper and Dixon, 
2011), should be applied to cell culture experiments where the biological response of 
the BCCs to these values can be quantified. Haemodynamic shear stress gradients of 
0.004–0.023Pa/μm have been reported to increase BCC apoptosis in the circulatory 
system (Regmi et al., 2017), the values found in this study, 0.004–0.137Pa/μm, which 
are representative of the lymphatic system, are far in excess of these values.  
A fundamental understanding of the surface forces BCCs are subjected to in a range of 
scenarios has been established which will provide a research platform for further work 
in this area. The present numerical model is necessary as a first step towards obtaining 
surface force values that can be used in future cell culture experiments; however, the 
idealised conditions of the model are recognised. A straight square channel of uniform 
cross section was modelled to replicate the experimental conditions. This was done to 
establish the behaviour of large particles/BCCs in controlled conditions, the advantages 
of which were highlighted in Chapter 4. Lymphatics in vivo are circular in cross section 
and contain varying diameters. Continuing to refine models like the one presented here 
to better represent the in vivo biomechanics will provide an effective means to explore 
the shear stresses and spatial shear stress gradients BCC membranes are exposed to. 
Nonetheless, the models constructed in this study add significant understanding to the 
spatial shear stress gradients BCCs are exposed to, which depend largely on their 
location in the flow field. The largest shear stress magnitudes were seen on larger 
particles located near the channel wall.  
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The more deformable MDA-MB-231 cells travelled mainly in the centre of the channel 
where the DFBI model predicts the surface forces are lowest; therefore, the magnitudes 
of the shear stress and shear stress gradients may have an effect on the BCCs viability 
and metastatic potential. These surface forces are indicative of the values experienced in 
vivo and could be used as inputs to cell culture experiments to further characterise the 
biological response of BCCs to more realistic settings. The response of BCCs to the 
physical microenvironment in the lymphatics may be exploitable for the treatment of 
breast cancer. Preclinical and clinical studies show that lymph node metastases and 
primary tumours can respond differently to the same therapeutic regimen (Padera et al.,  
2016). Drug development needs to account for the various microenvironments in which 
BCCs reside to improve efficacy of therapy. Recapitulation of the key aspects of the 
environment, such as quantifying the flow induced surface forces BCC membranes are 
exposed to, may lead to improved cell culture experiments. Translation of the findings 
of this study to biological characterisation experiments offers the potential to create 
more accurate tests beds for breast cancer metastasis studies. Interdisciplinary research, 
in areas such as cell biology and microfluidics, is required to increase the knowledge 
base surrounding breast cancer metastasis before the end goal of discovering methods to 
control or manipulate the mechanisms governing breast cancer metastasis is achieved.   
7.2 Conclusions 
 A review of fluidic transport in the lymphatic system has been carried out which 
revealed that the effect of BCCs in the lymphatic fluidic environment and the flow 
induced shear stresses BCCs are exposed to is relatively unknown. Due to the 
increasing evidence that links metastasising BCCs and the lymphatics, this research 
area represents a prominent and very important area for future work.  
 The use of the DFBI method to model large particles in confined flow was assessed 
and compared to experimental measurements and theoretical predictions for 
Poiseuille flow. DFBI simulations were found to better predict particle behaviours 
in confined flow than theoretical predictions based on a Poiseuille flow model, 
however, mesh restrictions in the near-wall region (y <0.2W and y >0.8W) result in 
computationally expensive models. The DFBI simulations were in good agreement 
with the experiments (<12% difference) across the channel centre (0.2W≤ y 
≤0.8W), with differences up to 25% in the near-wall region. An experimentally 
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validated numerical model capable of predicting the advection of large particles in 
confined flow conditions, representative of lymphatic scales, was created. 
 A microfluidic test facility was designed in which the flow behaviour of metastatic 
BCCs, non-metastatic BCCs, and microparticles of various diameters, in response 
to lymphatic flow conditions, was investigated. At lymphatic flow rates (Rec < 1) 
the non-metastatic MCF-7 cells were distributed uniformly across the channel in 
comparison to the metastatic MDA-MB-231 cells which travelled in the central 
region of the channel, indicating that BCC morphology has an effect on their spatial 
distribution in confined flow.  
 The flow behaviour of the BCCs (η = 0.03-0.81) was found to be markedly 
different from that of rigid particles of similar size (η = 0.05-0.32). BCCs adhered 
together and formed aggregates which disrupted the local flow environment. All 
particles lagged behind the fluid velocity, with the largest particles travelling at the 
slowest velocities. The decrease in translational velocity from the undisturbed fluid 
velocity increases with particle size. The BCCs travelled approximately 40% 
slower than the undisturbed flow velocity, indicating that morphology and size 
determines their behaviour under lymphatic flow conditions. 
 Results from the numerical models indicate that the maximum surface force 
experienced by the particle surface increases with increasing particle size and 
proximity to the channel wall. A range of flow induced shear stresses (0.002-
0.12Pa) and spatial shear stress gradients (0.004-0.137Pa/μm) were recorded on the 
particle surface in the 3D models. Knowledge of such values may provide 
indications for critical levels of surface forces that cause BCC membranes to react 
in a manner that can determine their metastatic potential. 
 
7.3 Recommendations for Future Work  
The overall objective of this study was to characterise the flow behaviour of BCCs in 
confined flow conditions when subjected to lymphatic flow rates with the aim of 
examining the flow induced surface forces BCC membranes experience. The 
conclusions of this study will inform future work in this area; therefore, this section 
discusses some possible areas in which advancements can be made in the future.  
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7.3.1 Numerical Modelling 
Now that an experimentally validated numerical model has been established future 
modelling efforts can be made to further progress this model by incorporating more 
complex BCC and lymphatic characteristics. Lymphatics in vivo are circular in cross 
section, a comparison of the data obtained here to the flow behaviour in a circular 
channel will identify the differences in the surfaces forces in the near-wall region due to 
geometrical effects. Additionally, FSI techniques could be employed to account for both 
the lymphatic wall compliance and the contractile activity that was shown to occur in 
vivo. The computational cost of using FSI in conjunction with DFBI is an extremely 
expensive task. Therefore, additional computational power and storage, using the 
facilities of ICHEC, will be required to carry out this investigation. A Class B ICHEC 
project would need to be applied for to secure enough CPU hours to run this type of 
model.   
This study showed that BCC morphology affects their flow behaviour; therefore, 
integrating deformable particles into models like the one presented in this study is a 
logical next step. Incorporating these observations into numerical models will greatly 
improve our understanding of this fluidic environment, opening the door for a more 
accurate definition of the in vivo situation. Analysing fluid interaction with deformable 
bodies is not possible using the DFBI method alone; therefore, CFD software would 
need to be coupled with Finite Element Analysis (FEA) for example to investigate this 
aspect of BCC flow behaviour.  
7.3.2 Experimental Modelling 
The experimental work carried out in this investigation could be progressed in the future 
in a number of ways so that a more physiologically relevant model of the lymph vessels 
could be developed. Circular microchannels could be employed to investigate the 
difference in the behaviour of the BCCs in square and circular microchannels. BCCs are 
known to interact with their environment and studies have shown that BCCs and the 
endothelial cells lining lymphatics interact with each other. An important area for future 
work would be to investigate this effect on the advection of BCCs. Microchannels could 
be coated in a layer of collagen and subsequently seeded with endothelial cells to see if 
the presence of the cells causes the BCCs to behave differently from what was recorded 
in this investigation. Additionally, the application of pulsatile flow would reveal very 
interesting results with regards to imitating the in vivo situation.  
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7.3.3 Cell Culture Model 
MCF-7 and MDA-MB-231 BCCs have been shown to maintain high cell viability under 
shear stress levels of 2Pa, however, the effects of lymphatic flow induced shear stress 
on BCCs have not been exclusively studied (Triantafillu et al., 2017). The range of 
surfaces forces obtained from this study could be used as an input into future cell 
culture experiments where the biological response of BCCs to these flow induced 
surface forces could be analysed. The effect of these surface forces on important BCC 
phenotypes and BCC viability could be evaluated. Ultimately this knowledge will aid in 
an improved understanding of breast cancer metastasis in the lymphatics through a 
deeper understanding of the mechanics of the lymph system and the relationship with 
the BCCs that flow through it. 
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